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Abstract
We investigate the interaction between scalar fields and radiation in the framework of warm inflationary models by using the
irreversible thermodynamics of open systems with matter creation/annihilation. We consider the scalar fields and radiation as an
interacting two component cosmological fluid in a homogeneous, spatially flat and isotropic Friedmann-Robertson-Walker (FRW)
Universe. The thermodynamics of open systems as applied together with the gravitational field equations to the two component
cosmological fluid leads to a generalization of the elementary scalar field-radiation interaction model, which is the theoretical basis
of warm inflationary models, with the decay (creation) pressures explicitly considered as parts of the cosmological fluid energy-
momentum tensor. Specific models describing coherently oscillating scalar waves, scalar fields with a constant potential, and scalar
fields with a Higgs type potential are considered in detail. For each case exact and numerical solutions of the gravitational field
equations with scalar field-radiation interaction are obtained, and they show the transition from an accelerating inflationary phase to
a decelerating one. The theoretical predictions of the warm inflationary scenario with irreversible matter creation are also compared
in detail with the Planck 2018 observational data, and constraints on the free parameters of the model are obtained.
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1. Introduction
One of the keystones of present day cosmology is represented
by the inflationary paradigm, introduced in [1], and represent-
ing one of the most influential theoretical models ever proposed
in cosmology. Inflation requires the presence in the early Uni-
verse of a scalar field φ, with a self-interaction potential V(φ),
and having an energy density ρφ, and a pressure pφ, respec-
tively [2]. In the initial formulation of the inflationary model,
the scalar field potential reaches a local minimum at φ = 0,
through supercooling from a phase transition. After that the
Universe experiences an exponential, de Sitter type expansion.
But in this theoretical model, called ”old inflation”, there is no
graceful exit to the rapidly accelerating, inflationary era. Hence
several inflationary models, including the ”new” and the chaotic
inflationary models have been proposed [3, 4, 5], with the ex-
plicit goal of solving the graceful exit problem. However, each
of these models face their own theoretical problems. For recent
reviews of different aspects of cosmology and the inflationary
theory see [7, 8].
Recently, high precision measurements of the Cosmic Mi-
crowave Background (CMB) radiation has given the possibil-
ity of testing the crucial predictions of inflation on the primor-
dial fluctuations, such as Gaussianity and scale independence
[9, 10, 11, 12, 13, 14]. From the CMB fluctuations one can de-
termine the cosmological parameters, and then they can be used
to constrain the inflationary models. Two important inflation-
ary parameters, the slow-roll parameters ǫ and η can be obtained
immediately from the potentials of the scalar fields driving in-
flation. Since these parameters can be also determined obser-
vationally, it follows that the corresponding inflationary models
can be fully tested [15, 16, 17, 18, 19].
A central result of inflationary scenarios has been the pre-
diction of the statistical isotropy of the Universe. Neverthe-
less, recent observations of the large scale structure of the Uni-
verse have suggested the prospect that the principles of homo-
geneity and isotropy may not be valid at all scales. Thus the
presence of an inherent large scale anisotropy of cosmological
origin in the Universe cannot be excluded a priori [22]. The
CMB data may also indicate the existence of some tension be-
tween the predictions of the theoretical models and the obser-
vations. For example, the combined WMAP and Planck polar-
ization data point towards a numerical value of the index of the
power spectrum as given at the pivot scale k0 = 0.05 Mpc
−1 by
ns = 0.9603 ± 0.0073 [10, 11]. This result, if correct, clearly
excludes at more than 5σ the exact scale-invariance (ns = 1),
implied by some inflationary models [20, 21]. The combined
constraints on r and ns impose strong limits on the inflationary
theories. Thus, for example, power-law potentials of the form
φ4 cannot generate a satisfactory number of e-folds (of the or-
der of 50-60) for inflation models in the restricted space r − ns
at a 2σ level [11]. In fact, presently the theories of inflation
have not yet reached a general consensus and acceptance. One
important reason for this is that not only the global inflationary
description, but also the specific aspects of the theoretical mod-
els are based on scientific ideas beyond the Standard Model of
particle physics.
The exponential growth of the size of the Universe during in-
flation leads to a homogeneous, isotropic but deserted Universe.
Hence it is believed that radiation, elementary particles and dif-
ferent forms of matter have been created at the end of inflation,
in the period of reheating. Matter was created due to the transfer
of energy from the inflationary scalar field to elementary parti-
cles. Reheating was initially suggested in the framework of the
new inflationary scenario [3], and subsequently developed in
[23, 24, 25]. The basic idea of reheating is as follows. After the
rapid, de Sitter type expansion of the Universe, the inflationary
scalar field reaches its minimum value. Then it begins to os-
cillate around the minimum of the potential, and it decays into
matter, in the form of Standard Model elementary particles that
interact with each other, finally attaining a thermal equilibrium
state of temperature T .
Quantum field theoretical approaches have led to a more
complex view of reheating, involving the presence of initial,
powerful particle creation through parametric resonance and
inflaton, in a phase called preheating, with the produced par-
ticles in a highly nonequilibrium distribution, which afterwards
relaxes to an equilibrium state. These explosive particle pro-
duction processes are a result of the spinodal instabilities in the
broken symmetry phase, or of the parametric amplification of
quantum fluctuations in the nonbroken symmetry case (as is the
case for chaotic inflation) [26, 27, 28, 29].
In the study of reheating one of the widely investigated ap-
proaches is the phenomenological description introduced in
[23]. The basic idea is the introduction of a specific loss term
in the Klein-Gordon equation of the scalar field, which is also
included as a source term for the energy density of the newly
produced elementary particles. If suitably chosen, this loss/gain
term is responsible for the reheating process that follows after
the adiabatic supercooling during the inflationary era. Hence,
in this model, the reheating dynamics is considered within a
simple two component fluid model, the first component be-
ing the scalar field, while the second component is represented
by normal matter (radiation). The transition process between
the scalar field and the radiation component is described phe-
nomenologically by a friction term, characterizing the decay
of the inflaton field, and representing the source term for the
newly created matter fluid. Different aspects of post inflationary
reheating processes have been investigated for various gravita-
tional theories in [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41].
For reviews on the post inflationary reheating era of the evolu-
tion of the Universe see [42] and [43], respectively.
The standard reheating scenario faces its own theoretical
problems. One important issue is that the perturbative decay
width can describe the decay of a scalar field close to the mini-
mum of its potential only. This is obviously not the case during
slow-roll inflation. Moreover, finite temperature effects can ad-
ditionally enhance the rate at which the scalar field dissipates
its energy to create new particles [42, 43].
On the other hand the scalar field driving inflation could have
been coupled nonminimally to other components present in the
early Universe, and therefore it could have dissipated its energy
during the accelerated expansion, thus warming up the Uni-
verse. This version of inflation is called warm inflation, and it
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was initially proposed in [44, 45]. Hence, in the warm inflation-
ary scenario, dissipative effects and particle creation processes
can generate a thermal bath during the accelerated expansion.
In of the first warm inflation models [46] it was suggested that
the physical parameters in an inflationary model may be ran-
domly distributed. This lead to the so-called distributed-mass-
model [47, 48, 49, 50], which has been developed in the frame-
work of string theory. Warm inflation has become a very active
field of study, and it may represent a real alternative to the cold
inflation/reheating paradigms. The physical properties and cos-
mological evolution in the warm inflationary models have been
investigated in detail in [51]-[99].
An interesting extension of the warm inflationary model, the
warm vector inflation scenario was proposed in [58], by using
the intermediate inflation model. The constraints that Planck
2015 temperature, polarization and lensing data impose on the
parameters of warm inflation were revisited in [90]. Two-field
warm inflation models with a double quadratic potential and a
linear temperature dependent dissipative coefficient were stud-
ied in [97]. The scalar spectral index ns and the tensor-to-
scalar ratio r were computed for several representative poten-
tials. Warm inflationary scenarios in which the accelerated ex-
pansion of the early Universe is driven by chameleon-like scalar
fields were investigated in [98], and the model was constrained
by using Planck 2018 data.
If the importance for the early cosmological evolution of the
dissipative and nonequilibrium aspects of particle production
during reheating has been already pointed out a long time ago
[100], the open and irreversible characteristics of these pro-
cesses did not receive the attention they deserve. Thermo-
dynamical systems in which matter creation/annihilation takes
place belong to the particular class of open thermodynamical
systems. In such systems the usual adiabatic conservation laws
must be modified to explicitly include irreversible particle pro-
duction processes, which can be modeled by means of a cre-
ation pressure [101]. The thermodynamics of open systems
was applied for the first time to cosmology in [101]. The phe-
nomenological classical description of [101], was subsequently
investigated and generalized in [102, 103], where a covariant
formulation was developed. This approach allows for specific
entropy variations, as expected for nonequilibrium and irre-
versible processes. The thermodynamics of open systems and
irreversible processes has many implications for cosmology,
which have been extensively studied in [104]-[142].
It is the purpose of the present paper to investigate, by using
the thermodynamics of open systems, as introduced in [101]
and developed in [102], the properties of a cosmological fluid
mixture, consisting of two basic components: a scalar field, and
matter, in the form of radiation, respectively. We will further
assume that in this system particle decay and production oc-
cur via the energy transfer from the scalar field to radiation.
We assume that from a cosmological point of view this phys-
ical system describes the warm inflation model. The thermo-
dynamical approach of open systems and irreversible processes
as applied to warm inflationary cosmological models leads to
a self-consistent theoretical description of the particle produc-
tion processes, which in turn determine the whole dynamics
and future evolution of the cosmic expansion, and structure for-
mation. This novel approach to the study of the physical and
dynamical properties of the early Universe may open some new
perspectives in the understanding of the basic features of warm
inflation, as analyzed, from another perspective, for example in
[89, 90, 91, 92, 93]. From a theoretical point of view the present
approach gives a systematic and consistent thermodynamic ap-
proach to the foundations of the warm inflationary models, and
points out their irreversible, open, and nonequilibrium nature.
In the present approach, as opposed to the standard scenarios, a
new term, the creation pressure, describes the effects of the par-
ticle creation on the cosmological dynamics. The creation pres-
sure is determined by both the scalar field and matter (radiation)
content of the early Universe, and its presence can strongly en-
hance the decay of the scalar field, and the radiation creation
processes.
By applying the basic principles of the thermodynamics of
open systems together with the cosmological Einstein equations
for a flat, homogeneous and isotropic Universe we derive first
a set of ordinary differential equations describing radiation cre-
ation due to the decay of the scalar field. In order to simplify
the analysis of the basic equations describing warm inflation
with irreversible particle creation we rewrite them in a dimen-
sionless form, by introducing a set of appropriate dimensionless
variables.
As a cosmological application of the general formalism we
investigate radiation creation from a scalar field by adopting
different mathematical forms of the self-interaction potential U
of the field. More exactly, we will consider the case of the co-
herent scalar field, and of the Higgs type potentials, together
with the zero-potential case. For each potential the evolution
of the warm-inflationary Universe with radiation creation is in-
vestigated in detail by solving numerically the set of the warm
inflationary cosmological evolution equations. The results dis-
play the process of inflationary scalar field decaying to radia-
tion, and the effects of the expansion of the Universe on the
decay. We concentrate on the evolution of the radiation compo-
nent, which increase from zero to a maximum value, as well as
on the scalar field decay. A simple model, which can be fully
solved analytically, is also presented.
As a general result we find that the scalar field potential
also plays an important role in the warm inflationary process,
and in the decay of the scalar field. Some of the cosmologi-
cal parameters of each model are also presented, and analyzed
in detail. The models are constrained by the observational pa-
rameters called the inflationary parameters, including the scalar
spectral index ns, the tensor to scalar ratio r, the number of e-
folds N, and the reheating temperature Treh. These parameters
can be calculated directly from the potentials used in the mod-
els, and they can be used together with the observational data
to constrain the free parameters in the potentials. The study
of the warm inflationary models, and the development of new
formalisms and constraints to the theories are undoubtedly an
essential part of the completion to the theory. Analysis of the
current observational data, including the estimation of the infla-
tionary parameters, is able to test the warm inflationary models.
The present paper is organized as follows. The basic results
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in the thermodynamics of irreversible processes and open sys-
tems are briefly reviewed in Section 2. The full set of equa-
tions describing warm inflationary models with irreversible ra-
diation creation due to the decay of a scalar field are obtained
in Section 3. A detailed comparison of the standard warm in-
flationary model and of the irreversible warm inflation is also
presented. Several warm inflationary models, corresponding
to different choices of the scalar field self-interaction potential
are considered in Section 4, by numerically solving the set of
cosmological evolution equations. The time dynamics of the
cosmological scalar field, and of the matter components are ob-
tained, and analyzed in detail. An exact solution of the sys-
tem of the irreversible warm inflation equations, corresponding
to a simple form of the scalar field potential (coherent wave)
is also obtained. We compare the theoretical predictions of
our irreversible warm inflationary model, for the coherent wave
case, as well as for two classes of Higgs type scalar field po-
tentials, respectively, with the Planck 2018 observational data
in Section 5. This comparison allows us to restrict the allowed
range of model parameters, and to test the realistic nature of the
model. We conclude and discuss our results in Section 6.
2. Thermodynamics of irreversible cosmological matter
creation
In the present Section we will briefly review the basic for-
malism of the thermodynamic of irreversible processes, taking
place in open systems. By open systems we understand ther-
modynamic systems that can transfer both energy and particles
(matter) to their surroundings, via some dissipative processes.
In the warm inflationary model the scalar field decays into ra-
diation, and thus it transfers energy (and matter) to the cosmic
environment. A closed thermodynamical system can exchange
only energy (generally in the form of heat) but no matter with
the environment. Moreover, a closed thermodynamic system
has walls that are rigid and immovable, which cannot conduct
heat, and reflect perfectly radiation. Therefore the walls of a
closed system are impermeable to all forms of matter and all
non-gravitational forces [143]. We also assume that the cos-
mological evolution is irreversible, that is, the scalar field can
generate radiation (photons), but photons cannot decay into a
scalar field (or bosonic particles). We will later fully use these
results in our analysis of the warm inflationary cosmological
models.
We begin our presentation with the discussion of some fun-
damental thermodynamic principles, and of the first two laws
of thermodynamics, and the we proceed to the covariant formu-
lation of the laws of the thermodynamic of open systems. As a
last step we apply our results to the case of homogeneous and
isotropic cosmological models. In the present paper we use the
natural system of units with c = ~ = kB = 1, where kB is the
Boltzmann constant. We also introduce the Planck mass de-
fined as MP = (8πG)
−1/2 For the metric signature we adopt the
convention (+,−,−,−).
2.1. The laws of thermodynamics for open systems
As a starting point we consider a thermodynamic system in
which we select a volume element V , containing N particles.
Our approach to the description of the thermodynamic pro-
cesses in the early Universe is based on the following principles
(see, for example, [143]),
a) In thermodynamical systems with matter cre-
ation/annihilation all the thermodynamic quantities are
also functions of the (varying) particle number densities
ni = Ni/V .
b) In such systems the second law of thermodynamic is given
by
TdS = dU + pdV −
k∑
i=1
µidNi, (1)
where µi, i = 1, ..., k are the chemical potentials correspond-
ing to the species of particles with particle numbers Ni, i =
1, 2, ..., k.
c) The thermodynamic state Φ of a system with vary-
ing particle number is completely determined by the set of
the (standard) thermodynamic variables (U, p, T, S ,N), so that
Φ (U, p, T, S ,N) = 0. For example, for the energy U of the sys-
tem we can write U = N f (S/N,V/N, T/N), under the assump-
tion that U is a function of the entropy, of the temperature, and
of the particle numbers.
d) The thermodynamic quantities are additive, and therefore
they are homogeneous function of the first order with respect to
the additive variables.
Generally, the second law of thermodynamics Eq. (1) can-
not be reformulated or interpreted as a standard energy conser-
vation law. For example, in the case of constant entropy, we
obtain d
dt
(ρV) + p dV
dt
=
∑k
i=1 µi
dNi
dt
, which shows that the en-
ergy is not conserved in the sense of the standard thermodynam-
ics in the presence of constant particle numbers. However, in
the case of systems with particle creation/annihilation, in [101]
an effective description of particle creation processes has been
proposed, which is based on the reformulation of the second
law of thermodynamics (1) in an effective form, as given by
d(ρV) + (p + pc) dV = 0, a result which can be achieved by the
introduction of a new pressure term, called the creation pressure
pc. Therefore, in systems with varying particle numbers and by
taking into account the particle number dependence of the ther-
modynamical quantities typically particle creation/annihilation
processes can be described effectively with the use of the cre-
ation pressure pc. In the presence of particle creation one has
to also redefine the energy-momentum tensor Tµν of the matter,
so that it includes the supplementary creation pressure term pc,
in addition to the true thermodynamical pressure p term.
In the following we will present the main results of the ther-
modynamics of open systems in the presence of irreversible
particle creation.
2.1.1. The first law of thermodynamics
For a closed thermodynamic system, N is a constant, and we
can express the conservation of the internal energy E via the
first law of thermodynamics as [101]
dE = dQ − pdV, (2)
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where we have denoted by dQ the heat received by the system in
the time interval dt, by p the thermodynamic pressure, while V
represents any comoving volume. We also introduce the energy
density ρ of the system, given by ρ = E/V , the particle number
density n, defined as n = N/V , and the heat per unit particle dq˜,
where dq˜ = dQ/N. Then Eq. (2) can be written as
d
(
ρ
n
)
= dq˜ − pd
(
1
n
)
. (3)
Eq. (3) is also valid for open thermodynamical systems with
N a function of time, N = N(t).
2.1.2. The second law of thermodynamics
To formulate the second law of thermodynamics for irre-
versible processes in open systems characterized by an entropy
S we introduce first the differential entropy flow deS , and the
differential entropy creation diS ≥ 0. The for the total entropy
variation of the system we obtain the expression [101]
dS = deS + diS ≥ 0. (4)
For adiabatic and closed systems we always have diS ≡ 0.
In the following we will investigate only open thermodynamic
systems for which we assume that matter is created in a thermal
equilibrium state, so that deS = 0. In such systems the entropy
increases only due to the presence of particle production pro-
cesses.
For the total differential of the entropy we find
Td (sV) = d (ρV) − h
n
d (nV) + Td (sV) =
d (ρV) − (h − T s) dV = d (ρV) − µ˜d (nV) ,
(5)
where the entropy density s is given by s = S/V ≥ 0, and we
have defined the chemical potential as
µ˜ =
h − T s
n
≥ 0. (6)
Hence for the entropy production due to irreversible pro-
cesses in an open system we obtain
TdiS = TdS =
(
h
n
)
d (nV) − µ˜d (nV) =
T
(
s
n
)
d (nV) ≥ 0. (7)
The matter creation processes in open systems can also be
formulated in a covariant form in the framework of general rel-
ativity. To apply the thermodynamics of open systems to inves-
tigate warm inflationary cosmological models, in the following
we formulate the thermodynamics of open systems in a general
relativistic covariant form by following the approach pioneered
in [102]. Then, we particularize this general approach to the
case of a homogeneous and isotropic Universe, for which we
also derive the entropy evolution.
2.2. Covariant general relativistic formulation of the thermo-
dynamics of open systems
The basic macroscopic variables that describe the thermo-
dynamic phases of a general relativistic perfect fluid are the
energy-momentum tensor Tµν, the particle flux vector N
µ, and
the entropy flux vector sµ, respectively. In the case of open
thermodynamical systems one must also take into account the
variation of the particle numbers due to irreversible matter cre-
ation/decay. Hence for an open system the energy-momentum
tensor must be written as
T µν = (ρ + p + pc) u
µuν − (p + pc) gµν, (8)
where uµ is the four-velocity of the fluid, normalized according
to uµu
µ = 1, and the creation pressure pc takes into account par-
ticle creation and other dissipative thermodynamic effects. The
energy-momentum tensor Tµν is required to satisfy the covari-
ant conservation law
∇νT µν = 0, (9)
where ∇ν denotes the covariant derivative with respect to the
metric gµν, which defines the line element ds˜
2 = gµνdx
µdxν.
The particle flux vector is defined as
Nµ = nuµ, (10)
and it satisfies the balance equation
∇µNµ = Ψ (xµ) , (11)
where the function Ψ (xµ) is the particle creation rate. If Ψ > 0,
we have a particle source, while for Ψ < 0 we have a particle
sink. In standard cosmological models usually Ψ is assumed to
vanish. We also define the entropy flux sµ, given by [102],
sµ = nσuµ, (12)
where by σ = s/n we have denoted the specific entropy per
particle. The second law of thermodynamics requires that
∇µsµ ≥ 0. In the presence of matter creation the Gibbs equation
for an open thermodynamic system with temperature T is given
by [102]
nTdσ = dρ − ρ + p
n
dn. (13)
To derive the energy balance equation in open systems in the
presence of particle creation we multiply both sides of Eq. (9)
by the four-velocity vector uµ, thus obtaining
uµ∇νT µν = uµ∇ν (ρ + p + pc) uµuν + uµ (ρ + p + pc) ×
∇ν(uµuν) − uµ∇µ (p + pc)
= uν∇ν(ρ + p + pc) + (ρ + p + pc) ×
(uµu
ν∇νuµ + uµuµ∇νuν) − (p˙ + p˙c)
= ρ˙ + (ρ + p + pc)∇νuν = 0, (14)
where we have introduced the notations ρ˙ = uµ∇µρ = dρ/ds˜,
uµu
µ = 1, and uµu
ν∇νuµ = 0, respectively. Therefore we have
obtained the energy conservation equation for open systems in
the form
ρ˙ + (ρ + p + pc)∇µuµ = 0. (15)
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In order to find the entropy variation in open systems we sub-
stitute the relation (15) into the Gibbs equation (13), and we use
Eqs. (12), (10) and (11) to obtain first
0 = ρ˙ − ρ + p
n
uµ∇µn + T∇µsµ − Tσ∇µNµ
nTuµ∇µσ = −pc∇µuµ −
(
ρ + p
n
− Tσ
)
∇µNµ. (16)
Thus we obtain the entropy balance equation as [102]
∇µsµ = − pcΘ
T
− µ˜Ψ
T
, (17)
where µ˜ = (ρ + p)/n − Tσ is the chemical potential, and Θ =
∇µuµ is the expansion of the fluid.
In the following we will adopt the physical scenario accord-
ing to which in a given geometry particles are created so that
they are in thermal equilibrium with the previously existing
ones. In this case the entropy production is a result of matter
creation processes only. As for the creation pressure pc asso-
ciated to particle creation in the following we will assume the
following phenomenological ansatz [101, 102]
pc = −α˜ (xµ) Ψ
Θ
, (18)
where α˜ is a function satisfying the condition α˜ (xµ) > 0, ∀xµ.
This choice gives the entropy balance equations as
∇µsµ = Ψ
T
[
α˜ (xµ) − µ˜] = Ψσ + [α˜ (xµ) − ρ + p
n
]
Ψ
T
=
Ψσ + nσ˙, (19)
where we have defined σ˙ = uµ∇µσ = dσ/ds˜. Hence with the
use of Eq. (17) we obtain for the specific entropy production σ˙
the relation [102]
σ˙ =
Ψ
nT
[
α˜ (xµ) − ρ + p
n
]
. (20)
Now we restrict our general thermodynamic formalism by
imposing the condition that the specific entropy of the newly
created particle is a constant, σ = constant. Then Eq. (20)
gives for α˜ (xµ) the expression α˜ (xµ) = (ρ + p) /n. Thus we ob-
tain for the creation pressure induced by the irreversible particle
creation in open systems the expression [102]
pc = −ρ + p
nΘ
Ψ. (21)
Similarly, after taking into account the condition of the con-
stancy of the specific entropy, the Gibbs equation takes the form
ρ˙ = (ρ + p)
n˙
n
. (22)
2.3. Irreversibly thermodynamics of matter creation in homo-
geneous and isotropic cosmological models
We will apply now the previously developed general thermo-
dynamic formalism to the specific cosmological case of a ho-
mogeneous and isotropic space-time. To simplify the descrip-
tion of the cosmological model we adopt a comoving frame
in which the components of the four-velocity are given by
uµ = (1, 0, 0, 0). Moreover, in order to satisfy the cosmologi-
cal principle, we suppose that all the thermodynamical and the
geometric quantities are functions of the time coordinate t only.
Then it follows that the derivative of any function f (t) with re-
spect to the affine parameter s are identical with the time deriva-
tive, f˙ (t) = uµ∇µ f (t) = d f (t)/dt. On the other hand in the co-
moving reference frame the expansion of the cosmological fluid
is given by ∇µuµ = V˙/V . In the comoving frame Eq. (22) can
be written as
ρ˙ =
(
h
n
)
n˙, (23)
where we have denoted by h = ρ + p the enthalpy (per unit
volume) of the fluid, or, equivalently,
p = ρ˙ − ρ n˙
n
. (24)
In general relativity the geometry of the space-time is deter-
mined by the matter content via the Einstein gravitational field
equations
Rµν − 1
2
gµνR = Tµν, (25)
where for the macroscopic energy-momentum tensor Tµν, we
will adopt in the cosmological case the perfect fluid form as
given by Eq. (8). Phenomenologically, the energy - momentum
tensor is described by the energy density ρ and the total pressure
p¯ of the fluids, and in the comoving frame its components are
given by
T 00 = ρ, T
1
1 = T
2
2 = T
3
3 = −p¯. (26)
A direct consequence of the Einstein field equations is the con-
servation of the energy-momentum tensor ∇νT νµ = 0, which is
equivalent to the relation
d(ρV) = −p¯dV. (27)
In the presence of matter creation processes the correct anal-
ysis must be done by using the irreversible thermodynamics of
open systems. Hence in this case one must include in the pres-
sure an additional creation/annihilation pressure term pc, which
leads to a reformulation of Eq. (22) in a form similar to Eq. (27),
or specifically [101]
d(ρV) = − (p + pc) dV. (28)
From Eq. (21) it follows that the cosmological creation pressure
pc can be obtained in the comoving frame as
pc = −
(
h
n
)
d(nV)
dV
= −
(
h
n
)
V
V˙
(
n˙ +
V˙
V
n
)
. (29)
Hence matter creation induces a (negative) supplementary
pressure pc, which must be additively included in the total cos-
mological pressure p¯ appearing in the energy-momentum ten-
sor, and consequently in the Einstein field equations,
p¯ = p + pc. (30)
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Note that decaying of matter leads to a positive decay pres-
sure. The variation of the entropy dS in an open thermody-
namic system in the presence of irreversible processes can be
decomposed into two components: an entropy flow d0S , and an
entropy creation diS , respectively, so that
dS = d0S + diS , (31)
where in order to satisfy the second law of thermodynamics
we must have diS ≥ 0. To calculate dS we consider the total
differential of the entropy, given by
Td(sV) = d(ρV) + pdV − µ˜d(nV), (32)
where we have defined s = S/V ≥ 0 and µ˜n = h − T s, µ˜ ≥ 0
is the chemical potential. In a homogeneous system d0S = 0,
and hence only matter creation provides a contribution to the
entropy production. From Eqs. (31) and (32) we find [101]
T
dS
dt
= T
diS
dt
= T
s
n
d(nV)
dt
. (33)
To close the problem of the thermodynamic description of
matter creation processes we need one more equation that re-
lates the particle number n and the comoving volume V . This
relation should describe the time variation of n as a result of ir-
reversible matter creation (or decay) processes. Thus a relation
can be obtained from Eq. (11), which, for a homogeneous and
isotropic cosmological model, can be written as
1
V
d(nV)
dt
= Ψ(t), (34)
where Ψ(t) is the irreversible matter creation (or decay) rate
(Ψ(t) > 0 describes particle creation, while Ψ(t) < 0 describes
particle decay) [101, 102]. Hence the creation pressure (21) is
essentially determined by the matter creation (or decay) rate.
Hence Eqs. (21) and (34) are coupled to each other, and both
of them enter into the energy conservation law (28), which is a
consequence of the Einstein field equations themselves.
We can also express the entropy production as a function of
the irreversible matter creation rate according to
S (t) = S (t0) e
∫ t
t0
Ψ(t′)
n
dt′
, (35)
where S (t0) is an arbitrary integration constant.
3. Warm inflation in a Universe with irreversible scalar
field-radiation interaction
In the present Section we will introduce the description of
the warm inflationary models by using the physical and mathe-
matical formalism of the thermodynamics of open systems, as
described in the previous Section. We begin our analysis by a
brief presentation of the standard formulation of the warm in-
flationary models. Then, we will proceed to the reformulation
and extension of the warm inflation theory by taking into ac-
count the thermodynamic aspects generated by the irreversible
particle production in the cosmological fluid.
In the following we assume that the geometry of the
spacetime is described at the cosmological level by the flat
Friedmann-Robertson-Walker line element, given by
ds˜2 = dt2 − a2(t)
(
dx2 + dy2 + dz2
)
, (36)
where a is the dimensionless scale factor. We also introduce the
Hubble function H, defined as H = a˙/a.
We will assume that the very early Universe can be mod-
eled as an open thermodynamical system, consisting of a scalar
field and of radiation, forming a two-component perfect fluid,
with the corresponding particle number densities denoted by
nφ, and nrad, respectively. nφ represents the “particles” of the
scalar field, while nrad is the radiation particle number density.
The corresponding energy densities of the two components are
denoted by ρφ and ρrad, respectively. The energy-momentum
tensor of the two-component cosmological perfect fluid is ob-
tained as
T νµ = T
(φ)ν
µ + T
(rad)ν
µ = (ρ¯ + p¯) uµu
ν − p¯ δνµ, (37)
where uµ = dxµ/ds˜ is the four-velocity, and
ρ¯ = ρφ + ρrad, p¯ = pφ + prad. (38)
In the comoving frame the energy density ρφ and pressure pφ
of the scalar field are given by
ρφ =
φ˙2
2
+ U(φ), (39)
and
pφ =
φ˙2
2
− U(φ), (40)
respectively, where U(φ) is the self-interaction potential of the
field.
3.1. The standard warm inflationary scenario
The warm inflationary model [44, 45] is an interesting the-
oretical alternative to the cold inflation and reheating theories.
Similarly to standard inflationary theories, in warm inflation the
Universe also experiences an accelerated very early expansion
stage, which is triggered by the presence of scalar field, rep-
resenting the dominant cosmological component. But, as op-
posed to the cold inflation scenario, besides a scalar field, a
matter component of the cosmological fluid, usually assumed
to the radiation, is also present, being generated by the scalar
field. During the cosmological evolution these two components
interact dynamically. The cosmological evolution is described
by the Friedmann equations,
3H2 =
1
M2
P
(
ρφ + ρrad
)
, (41)
2H˙ = − 1
M2
P
(
φ˙2 +
4
3
ρrad
)
, (42)
where by MP we have denoted the Planck mass. Due to the de-
cay of the scalar field, which is essentially a dissipative process,
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energy is transferred from the field to radiation, and this process
is described by the following energy balance equations,
ρ˙φ + 3H
(
ρφ + pφ
)
= −Γφ˙2, (43)
ρ˙rad + 3H (ρrad + prad) = Γφ˙
2, (44)
where Γ is the dissipation coefficient. By using the explicit ex-
pressions of the energy density and pressure of the scalar field,
Eq. (45) can be reformulated as the generalized Klein-Gordon
equation for the scalar field,
φ¨ + 3H (1 + Q) φ˙ + U ′(φ) = 0, (45)
where Q = Γ/3H. By assuming that the cosmological ex-
pansion is quasi-de Sitter, that the scalar field energy den-
sity is much bigger than the energy density of the radiation,
ρφ >> ρrad, and that the potential term of the scalar field energy
density dominates the kinetic one, so that ρφ ≈ U(φ), Eqs. (41),
(44), and (45) can be approximated as
3H2 ≈ 1
M2
P
U(φ), φ˙ ≈ − U
′(φ)
3H(1 + Q)
, (46)
ρrad =
π2g∗
30
T 4 ≈ Γ
4H
φ˙2, (47)
where g∗ is the number of degrees of freedom of the photon
fluid. To obtain Eq. (47) we also used the approximations
ρ˙rad << Hρrad, and ρ˙rad << Γφ˙
2, respectively.
As an indicator of the inflationary behavior we introduce the
deceleration parameter q, defined as
q =
d
dt
1
H
− 1. (48)
Negative values of q indicate accelerating expansion, while pos-
itive values of the deceleration parameter correspond to decel-
erating cosmological dynamics. With the use of Eqs. (41) and
(42) we immediately obtain for the deceleration parameter of
the standard warm inflation theory the expression
q =
1
2
1 + 3
(
pφ + prad
)
ρφ + ρrad
 . (49)
Similar information as the one contained in the deceleration
parameter q can be obtained from the quantity ǫH ≡ d lnH/dN ,
whereN is the number of e-folds. ǫH is related to the parameter
ǫ, which provides a useful description of the slow-roll approxi-
mation in inflationary scenarios.
3.2. Warm inflation in the presence of irreversible particle cre-
ation
In the presence of particle creation neither the particle num-
bers nor the energy-momentum of the components of the cos-
mological fluids are independently conserved. In such a mix-
ture, in which the particle numbers are not conserved, en-
ergy and momentum exchange between the two components
can take place. The cosmological fluid mixture of scalar field
and radiation is described, besides its total energy density ρ¯ =
ρφ + ρrad, and total thermodynamic pressure p¯ = pφ + prad, also
by a total particle number n¯ = nφ + nrad.
We suppose that the particle number densities nφ and nrad of
each component of the scalar field - radiationmixture fluid obey
the following balance laws,
n˙φ + 3Hnφ = −Γ1
ρφ
mφ
, (50)
n˙rad + 3Hnrad = Γ2
ρφ
mφ
, (51)
respectively, where mφ is the mass of the scalar field particle,
and Γ1 , 0 and Γ2 , 0 (the dissipation coefficients) are arbi-
trary functions of the thermodynamic parameters, to be deter-
mined from physical considerations. The functional form we
have adopted for the particle source terms is based on the ther-
modynamic principle introduced in Section 2.1, according to
which the thermodynamic states as well as the thermodynamic
quantities can be functions only of the full set of the basic ther-
modynamic variables (ρ, T, S ,N). In a thermodynamical sys-
tem the particle numbers are generally functions of the parti-
cle energies, temperatures, and chemical potentials, as one can
be seen easily from the investigation of the standard particle
distribution functions (Fermi-Dirac, Bose-Einstein etc.) [143].
Therefore in a consistent thermodynamic approach the particle
creation/annihilation source terms should depend on the same
quantities. In our present approach we have considered the sim-
plest possible choice, but of course other more general forms of
the source terms than the ones considered are also possible. The
coefficients Γ1 and Γ2 can be generally taken as functions of the
temperature, matter and scalar field energy densities, and the
particle numbers, so that Γi = Γi
(
T, ρφ, ρrad, nφ, nrad, ...
)
.
Eqs. (50) and (51) describe the decay of the scalar field par-
ticles, and the creation of photons, with both the scalar field
decay rate Ψφ(t) and the photon creation rate Ψrad(t) propor-
tional to the energy density of the scalar field, Ψφ(t) ∝ ρφ,
and Ψrad(t) ∝ ρφ. Hence, the time evolution of the decay of
the scalar field particles and the creation rates of the photons
is controlled in the present approach by the energy density of
the scalar field. From Eqs. (50) and (51) it follows that the to-
tal particle number n¯ = nφ + nrad is described by the balance
equation
˙¯n + 3Hn¯ = (Γ2 − Γ1)
ρφ
mφ
. (52)
Hence in the case of an interacting mixture of scalar field and
radiation and the total particle number conservation, implying
˙¯n + 3Hn¯ = 0 exists only in some particular cases, when Γ1 =
Γ2. If this condition is not satisfied some other channels for
particle production from the scalar field may exist. For the sake
of generality in the following we shall suppose that Γ1 , Γ2.
In the theoretical formalism of the thermodynamics of irre-
versible processes in system with particle creation and decay a
corresponding creation or decay thermodynamic pressure does
appear as a natural consequence of the variations of the par-
ticle numbers. By taking into account that in the Friedmann-
Robertson-Walker geometry the comoving volume is given by
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V = a3, and that V˙/V = 3a˙/a = 3H, Eq. (29) gives the general
expression of the creation pressure as
pc = −h
n
1
3H
(n˙ + 3nH) . (53)
The enthalpies h of the scalar field and of the radiation fluid are
given by h(φ) = ρφ + pφ, and h
(rad) = ρrad + prad, respectively.
Then, with the use of the particle number balance equations
(50) and (51), respectively, it follows that in the scalar field -
radiation fluid mixture the creation pressures are given by
p
(φ)
c =
Γ1
(
ρφ + pφ
)
ρφ
3mφnφH
, (54)
and
p(rad)c = −
Γ2 (ρrad + prad) ρφ
3mφnradH
, (55)
respectively, with the total creation pressure expressed as
p(total)c = p
(φ)
c + p
(rad)
c =
ρφ
3mφH
Γ1
(
ρφ + pφ
)
nφ
− Γ2 (ρrad + prad)
nrad
 . (56)
Using the results obtained above it follows that the complete
Friedmann equations, describing the cosmological evolution of
a flat Friedmann-Robertson-Walker spacetime filled with a mix-
ture of interacting scalar field and radiation are given by
3H2 =
1
M2
P
(
ρφ + ρrad
)
, (57)
2H˙ + 3H2 = − 1
M2
P
{
pφ + prad +
ρφ
3mφH
×
Γ1
(
ρφ + pφ
)
nφ
− Γ2 (ρrad + prad)
nrad

}
, (58)
where ρrad = ρrad (nrad) and prad = prad (nrad). The dynamical
evolution of the scalar field and radiation particles nφ and nrad
is given by Eqs. (50) and (51), respectively, while the energy
density and pressure of the cosmological scalar field are given
by Eqs. (39) and (40), respectively. As for the newly created
radiation fluid we assume that its thermodynamic properties are
described by the relations
prad =
ρrad
3
, ρrad =
8π5
15
T 4, nrad = 16πζ(3)T
3, (59)
where ζ(n) is the Riemann zeta function.
As applied to each component of the mixture of the scalar
field and radiation fluid, Eq. (23), representing the second law
of thermodynamics in the presence of irreversible processes,
gives the relationships
ρ˙φ + 3H
(
ρφ + pφ
)
+
Γ1
(
ρφ + pφ
)
ρφ
mφnφ
= 0, (60)
and
ρ˙rad + 3H (ρrad + prad) =
Γ2 (ρrad + prad) ρφ
mφnrad
, (61)
respectively. Eq. (61) can be equivalently reformulated as giv-
ing the evolution of the temperature of the radiation fluid as
T˙ + HT =
Γ2
48πζ(3)mφ
ρφ
T 2
. (62)
Eq. (60), describing the dynamical evolution of the scalar
field during the generation of photons, can be rewritten as
φ¨ + 3Hφ˙ + Γ
(
T, φ, φ˙,U
)
φ˙ + U ′(φ) = 0, (63)
where we have denoted by Γ
(
T, φ, φ˙,U
)
= Γ1ρφ/mφnφ the dis-
sipation function, and the prime denotes the derivative with
respect to the scalar field. Therefore in the framework of the
thermodynamical description of open systems, in the presence
of irreversible processes in the scalar field evolution equation
Eq. (63) a friction term naturally appears in a general form, and
it is a direct outcome of the second law of thermodynamics as
it is formulated for fluid mixtures with interacting components.
Adding Eqs. (60) and (61), the evolution of the total energy
density ρ¯ = ρφ + ρrad of the cosmological fluid consisting of a
mixture of scalar field and radiation is governed by the balance
equation
˙¯ρ + 3H
(
ρφ + ρrad + pφ + prad
)
=
ρφ
mφ
Γ2 (ρrad + prad)nrad −
Γ1
(
ρφ + pφ
)
nφ
 . (64)
For the entropy of the newly created photons we obtain the
expression
S rad(t) = S rad (t0) exp
(∫ t
t0
Γ2
ρφ (t
′)
nrad (t′)
dt′
)
, (65)
where S rad (t0) is an arbitrary integration constant. In the
present approach irreversible photon creation from the scalar
field is an adiabatic process. The entropy produced during ra-
diation generation from the scalar field is entirely due to the
increase in the number of photons in the cosmological fluid,
and we do not take into account any increase in the entropy per
particle due to the presence of other dissipative processes, like,
for example, photon fluid viscosity.
With the use of the Friedmann equations (57) the decelera-
tion parameter can be obtained as
q =
1
2
{
1 +
3ρφ
ρφ + ρrad
[
pφ + prad
ρφ
+
1√
3
√
ρφ + ρrad
×
(
Γ1φ˙
2
nφ
− 2π
4Γ2
45ζ (3)
T
) ]}
. (66)
3.3. Standard warm inflation versus irreversible warm inflation
The inclusion of the mathematical and physical formalism of
the thermodynamics of irreversible processes, as developed in
[101], [102], and [103], respectively, leads to significant modi-
fications in the equations describing the dynamical evolution of
the warm inflationary cosmological theories, and consequently,
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in their physical and cosmological implications. From a phys-
ical point of view the basic physical variables in our formal-
ism become the particle numbers associated to the scalar field
and radiation,
(
nφ, nrad
)
. For the particle numbers we impose
the evolution equations (50) and (51), respectively, which as-
sume that the decay and creation of the particle is proportional
to the energy density of the scalar field. In standard warm in-
flation similar balance equations are imposed at the levels of
energy densities, as in Eqs. (43) and (44). But in the present
approach the source terms in the balance equations are different
from those of standard warm inflation. While in Eqs. (43) and
(44) the creation and decay is determined by the kinetic part
of the scalar field energy density only, in the present approach
the decay and creation rates are assumed to depend on the full
energy density of the scalar field. As we have already pointed
out, if the creation and decay rates of the particle numbers are
equal, which implies Γ1 = Γ2, the total number of particles is
conserved, satisfying the usual conservation law ˙¯n + 3Hn¯ = 0.
In the cosmological applications of the irreversible warm infla-
tion theory we will generally assume that the condition of the
conservation of the total particle numbers holds.
Once the particle number balance equations are known, the
dynamical evolution of the energy densities are given, in the
framework of the thermodynamics of irreversible processes, by
Eq. (23). The time evolutions of the energy densities are de-
termined by the enthalpies of the cosmological fluid compo-
nents, and by the variations of the particle numbers. Hence
from the basic equation of the thermodynamics of the irre-
versible processes we obtain the energy densities balance equa-
tions, Eqs. (60) and (61), which fix the scalar field and radiation
fluid decay/creation rates, without any supplementary physical
assumptions. They follow directly from the particle number
balance equations, and they have a very different form from the
ones used in standard warm inflation models. Due to their ex-
plicit dependence on the particle numbers, the decay rate of the
scalar field is different from the creation rate of the radiation.
For the scalar field we have the decay rate of the energy density
as given by
Rφ = −
Γ1
(
ρφ + pφ
)
ρφ
mφnφ
= −Γ1φ˙
2ρφ
mφnφ
, (67)
while the creation rate of the radiation energy is given by
Rrad =
Γ2 (ρrad + prad) ρφ
mφnrad
=
4Γ2
3
ρradρφ
mφnrad
=
2π4Γ2
45ζ(3)mφ
Tρφ.
(68)
In their general form these expressions are obviously differ-
ent from the simple creation/decay rates of standard warm in-
flation, given by ±Γφ˙2. In the present approach the source terms
are constructed from the variables admitted by the general laws
of thermodynamic. However, our present choice of the source
terms is arbitrary, and it is mainly motivated by the requirement
of obtaining relatively simple and solvable theoretical models.
On the other hand, the standard form ±Γφ˙2 of the source terms
in the standard warm inflationary scenario is actually simpler
than the present choice suggested by the thermodynamics of
the irreversible processes, it is also physically well motivated,
and can give a very good theoretical description of the observa-
tional data. But the present approach may represent a first step
in building more realistic warm inflationary models.
However, the standard warm inflationary scenario can be re-
covered under the assumption that the enthalpies per particles
of the scalar field and of the radiation fluid are constants, and
the kinetic energy of the scalar field is much larger than the
potential one,
W (φ) =
h(φ)
mφnφ
=
(
ρφ + pφ
)
mφnφ
= C1,
W (rad) =
h(rad)
mφnrad
=
(ρrad + prad)
mφnrad
= C2,
φ˙2
2
>> U(φ), (69)
where C1 and C2 are constants. Then, after a rescaling of the
factors Γ, we immediately obtain for the energy decay and cre-
ation rates the expressions Rφ = −Γφ˙2 and Rrad = Γφ˙2. Un-
der these conditions Eqs. (60) and (61) reduce to the form
of the energy balance equations in the standard warm infla-
tionary scenario, Eqs. (43) and (44), respectively. The condi-
tion of the constancy of the enthalpy can be interpreted ther-
modynamically as follows. By reintroducing the total parti-
cle numbers Nφ and Nrad , and the total energies Eφ = ρφV ,
Erad = ρradV , the first two of the conditions (69) can be refor-
mulated as Eφ+ pφV = C1mφNφ, and Erad + pradV = C2mφNrad,
respectively. Then, under the assumption that the pressures are
roughly constant during the cosmological evolution, from the
second law of thermodynamics we obtain [143]
TdS φ = dQφ = d
(
Eφ + pφV
)
= C1mφdNφ,
TdS rad = dQrad = d (Erad + pradV) = C2mφdNrad, (70)
giving TdS tot = T
(
dS φ + dS rad
)
= dQtot = CdNtot, where
C = (C1 + C2)mφ, Qtot = Qφ + Qrad, and Ntot = Nφ + Nrad.
From a thermodynamic point of view this means that in the
standard warm inflationary scenario, characterized by a con-
stant enthalpy per particle, the total heat generated in the sys-
tem is linearly proportional to the total particle number Ntot.
On the other hand in the irreversible warm inflationary model
the entropy increase is given by a more general expression as
given by Eq. (65). As for the creation pressures of the standard
warm inflationary model they are given by p
(φ)
c = −Γφ˙2/3H,
and p
(rad)
c = Γφ˙
2/3H, respectively.
It is interesting to note that in the general case the creation
rate of the radiation fluid is proportional not only to the scalar
field energy density, but also with the temperature T of the radi-
ation fluid, indicating that at high temperatures even a relatively
low scalar field energy density can still lead to a significant cre-
ation of photons.
If the potential term of the scalar field dominates the kinetic
one, φ˙2/2 << U(φ), the decay and the creation rates of the
scalar field and radiation become
Rφ ≈ −Γφ˙
2U(φ)
mφnφ
, (71)
and
Rrad ≈ 2π
4ΓTU(φ)
45ζ(3)mφ
, (72)
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respectively, where we have assumed Γ1 = Γ2 = Γ. If the con-
dition ΓU(φ)/mφnφ ≈ constant holds, we recover the decay rate
of the energy density of the scalar field in the standard warm
inflationary scenario, Rφ ∝ −φ˙2. This condition can be realized,
for example, by potentials for which ρφ ≈ U(φ) ≈ mφnφ (coher-
ent scalar fields) [144]. Under the same condition the creation
rate of the radiation becomes Rrad ∝ Tnφ. At the beginning of
the inflation the radiation temperature is negligible small, and
hence the rate of radiation creation is negligibly small. Simi-
larly, the initial kinetic energy density of the scalar field can be
considered very small. Hence we can assume that in the scalar
field potential dominated phase the decay rate of the scalar field,
as well as the radiation creation rates are negligibly small, and
no significant amount of radiation is created. On the other hand
a very large mass of the scalar field mφ can also reduce the cre-
ation rates during the slow-roll phase of the inflationary era.
In the opposite limit of the dominance of the kinetic energy
term of the scalar field the decay and creation rates become
Rφ ≈ − Γ
2mφnφ
φ˙4, (73)
and
Rrad ≈ 2π
4ΓT
45ζ(3)mφ
φ˙2, (74)
respectively. If nφ ∝ φ˙2, and T/mφ ≈ constant, we recover the
evolution laws of the standard warm inflationary scenario. In
our above qualitative estimations we have assumed that Γ is a
constant. A possible dependence of Γ on the temperature or on
the scalar field energy density could lead to a significant change
in the functional form of the decay and creation rates of ρφ and
ρrad, respectively.
The total energy in the systems with matter decay/creation
is generally conserved only in the effective sense, which in-
volves the introduction of the creation pressure, so that d(ρV)+
(p + pc) dV = 0 [101]. Consequently, in the present model the
energy conservation law does not hold in the standard sense, as
one can see from Eq. (64). However, conservative (in the usual
interpretation) cosmological scenarios can be constructed if the
parameters of the model satisfies the relation
2Γ2π
4
45ζ(3)
T = Γ1
φ˙2
nφ
. (75)
If Γ1 = Γ2, the total energy of the cosmological fluid is con-
served as
˙¯ρ + 3H
(
ρφ + ρrad + pφ + prad
)
= 0. (76)
With the use of condition (75) the energy and the pressure of
the scalar field can be expressed as
ρφ =
π4
45ζ(3)
nφT + U(φ), pφ =
π4
45ζ(3)
nφT − U(φ). (77)
Hence we can formulate the following ”conservative” ver-
sion of the irreversible warm inflationary model, with standard
energy conservation,
n˙φ + 3H
[
1 +
Γ1π
4
135ζ(3)mφ
T
H
]
= − Γ1
mφ
U(φ), (78)
T˙ + HT =
Γ1nφ
48πζ(3)mφ
[
π4
45ζ(3)
T +
U(φ)
nφ
]
, (79)
H˙ = − 1
M2
P
π4
45
T
[
nφ
ζ(3)
+ 16πT 3
]
. (80)
Eqs. (78)-(80) represent a closed system of three differential
equations for the unknowns
(
nφ, T,H
)
. However, in the present
paper we will focus our investigations on the full formulation of
irreversible warm inflation, and therefore we will not consider
its ”conservative” version.
In the presence of irreversible matter decay/creation pro-
cesses, the generalized Klein-Gordon equation (63) describing
the evolution of the scalar field is given by
φ¨ + 3H
(
1 +
Γ1ρφ
3mφnφH
)
φ˙ + U ′(φ) = 0, (81)
which gives for the definition of the parameter Q the expression
Q =
Γ
3H
Γ1ρφ
3mφnφH
. (82)
It is interesting to note that the expression of the creation
pressure associated to the scalar field can be written as
p
(φ)
c = Q
(
ρφ + pφ
)
= Qφ˙2. (83)
The expression of Q thus obtained is very different from the
one used in the standard warm inflationary scenario,Q = Γ/3H,
especially under the assumption that Γ is a constant. The evo-
lution of the scalar field is also much more complex than in the
standard warm inflation scenario, leading to the possibilities of
the construction of more realistic cosmological evolution mod-
els. The evolution of the field is coupled with the evolution of
the particle numbers of the scalar field (the two equations must
be solved together), and explicitly they take the form
φ¨ + 3Hφ˙ +
3
2
Γ1
mφnφ
φ˙3 + U ′(φ)
[
1 +
3Γ1
mφnφ
U(φ)
U ′(φ)
]
= 0, (84)
n˙φ + 3Hnφ +
Γ1
mφ
[
φ˙2
2
+ U(φ)
]
= 0. (85)
This evolution of the scalar field is significantly different from
the one given by the simple Klein-Gordon equation (45) of stan-
dard warm inflation. Hence, the inclusion in the formalism of
warm inflation of the thermodynamics of open systems consid-
erably enlarges and diversifies the possibilities of cosmological
evolution.
In the presence of irreversible particle decay/creation, de-
scribed by the formalism of irreversible thermodynamics, im-
portant differences do appear in the cosmological evolution.
From Eqs. (57) and (58) we obtain for the time variation of
the Hubble function the equation
2H˙ = − 1
M2
P
{
φ˙2 +
32π5
45
T 4 +
ρφ
3mφH
[
Γ1φ˙
2
nφ
− 2π
4Γ2
45ζ(3)
T
]}
. (86)
The evolution equation for H contains a number of new terms
that does not appear in the standard warm inflation evolution
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equation of the Hubble function. In particular, there is a sup-
plementary dependence on the energy density of the scalar field,
and on the temperature. Moreover, there is an explicit depen-
dence on the scalar field decay factor Γ1, which indicates a clear
dependence of the cosmological expansion on the decay mech-
anism of the scalar field. A similar pattern does appear in the
behavior of the deceleration parameter, which, in the case of
the irreversible thermodynamic formulation or warm inflation,
takes the form given by Eq. (66). The nature of the accelerated
expansion also depends on the decay rate of the scalar field, and
on the temperature of the radiation fluid. As compared to the
standard case the deceleration parameter has a new term pro-
portional to the energy density of the scalar field. In the conser-
vative case, in which the model parameters satisfy Eq. (75), the
deceleration parameter reduces to the form given by the stan-
dard warm inflationary model.
Finally, under the approximation T˙/T << H, the temperature
of the photon fluid is obtained as
T ≈
(
Γ2
48πζ(3)mφ
ρφ
H
)1/3
. (87)
The prediction of the temperature of the radiation fluid in ir-
reversible warm inflation is different as compared to standard
warm inflation model, with T ∝
(
φ˙2/H
)1/4
, and involves again
a full dependence on the energy density of the scalar field. This
kind of dependence is a general feature of the present model, in
which all physical and geometrical quantities involve a depen-
dence on ρφ, and, therefore, on both the kinetic and potential
terms of the scalar field. Another particular feature of the irre-
versible warm inflation is the dependence of all cosmological
results on the mass mφ of the initial scalar field, a dependence
that does not appear in standard warm inflation. The explicit
dependence on the microscopic parameters of the scalar field
(mass mφ and number density nφ) increases the number of de-
grees of freedom of the irreversible warm inflation model, thus
leading to the possibility of constructing more realistic descrip-
tions of the cosmological evolution of the very early Universe.
In the thermodynamic limit of the constant enthalpy per par-
ticle, from Eq. (61) we reobtain the law of evolution of the
temperature of the standard warm inflationary model. If the
potential energy of the scalar field is much bigger than the ki-
netic one, the temperature of the Universe varies according to
T ≈
(√
3Γ2/48πζ(3)mφ
)1/3
U1/6(φ), where we have assumed
3H2 ≈ U(φ). If U(φ) is approximately constant, and for a large
enough mass of the scalar field particle, the temperature of the
cosmic fluid is practically a constant, with the particle creation
processes contributing very little to the overall warming of the
Universe.
4. Warm inflationary models with irreversible radiation
generation
In the present Section we will investigate, in the framework
of the irreversible thermodynamics of open systems with mat-
ter creation/annihilation, a number of specific warm inflationary
cosmological models in which radiation is generated by the de-
cay of the scalar field, due to the scalar field-photon interaction.
As a first example we analyze the case for which the density of
the radiation fluid is much smaller than the energy density of
the scalar field. This case corresponds to an Universe domi-
nated by the scalar field component of the cosmological fluid.
Moreover, we assume that the scalar field is represented by a
coherent wave of φ-particles, in which the kinetic energy term
dominates in the total energy of the scalar field. As a second
case we consider warm inflation driven by a potential energy
dominated decaying scalar field, and we study the evolution of
the radiation fluid. The general dynamics of a warm inflation-
ary cosmological model with decaying scalar field and radia-
tion creation is also considered, with the cosmological evolu-
tion equations studied numerically.
The role of the dissipative processes in warm inflation has
been already been pointed out in several studies, without the
use of the thermodynamics of open systems. The observed
baryon asymmetry, and a possibly asymmetry in the dark mat-
ter sector, can be produced through dissipative particle produc-
tion during inflation [60]. In [65] it was shown that inflation
can naturally occur at a finite temperature T > H if sustained
by dissipative effects, with the inflaton field corresponding to
a pseudo Nambu-Goldstone boson of a broken gauge symme-
try. The inflationary expansion driven by a standard scalar field
whose decay ratio Γ has a generic power law dependence with
the scalar field φ and the temperature of the thermal bath T
was considered in [72]. By assuming an exponential power law
dependence in the cosmic time for the scale factor a(t), corre-
sponding to the intermediate inflation model, the background
and perturbative dynamics was solved in both weak dissipative
and strong dissipative regimes. Non-equilibrium solutions of
the Boltzmann equation in warm inflation were considered in
[88], and it was shown that, even if thermal equilibrium cannot
be maintained, the nearly constant Hubble rate and temperature
lead to an adiabatic evolution of the number density of particles
interactingwith the thermal bath. A dissipative mechanism nec-
essary consisting of the interactions between the inflaton and a
tower of chiral multiplets with a mass gap was considered in
[92].
4.1. Warm inflationary models with ρrad ≪ ρφ
We begin our investigation of warm inflationary cosmolog-
ical models by considering the limiting case in which the en-
ergy density and the particle number of the newly generated
radiation fluid is much smaller than the particle number density
and the energy density of the inflationary scalar field compo-
nent, that is, the approximations nrad ≪ nφ, ρrad ≪ ρφ, and
prad ≪ pφ are valid. In this case the inflationary early Universe
is dominated by the scalar field energy density, and its pressure,
and its dynamical expansion is not influenced by thematter con-
tent. However, we assume that during this phase generation of
a radiation fluid takes place, and the scalar field decays cor-
respondingly. We shall also assume that both scalar field and
radiation fluid quantities are finite at the initial moment t = t0.
The interaction between the scalar field and the radiation fluid is
introduced through the balance equations of the two fluids, and
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the creation/decay of the particles is determined by the scalar
field energy density. Hence, in this approximation, the basic
equations describing the warm inflationary dynamics of a flat
Friedmann-Robertson-Walker Universe filled with a decaying
scalar field component and radiation creation are given by
3H2 =
1
M2
P
ρφ (88)
2H˙ + 3H2 = − 1
M2
P
pφ + Γ1
(
ρφ + pφ
)
ρφ
3Hmφnφ
 , (89)
and
ρ˙φ =
(
ρφ + pφ
) n˙φ
nφ
, (90)
n˙φ + 3Hnφ = −Γ1
ρφ
mφ
, (91)
n˙rad + 3Hnrad = Γ2
ρφ
mφ
, (92)
respectively.
4.1.1. Coherent scalar field-radiation interaction
We assume now that the inflationary field is a homogeneous
scalar field, oscillating with a frequencymφ. Such a field can be
interpreted as a coherent wave of scalar “particles” having zero
momenta, and with the corresponding particle number density
given by [119]
nφ =
ρφ
mφ
, mφ = constant. (93)
From a physical point of view we can consider that nφ oscil-
lators having the same frequency mφ, all oscillating coherently
with the same phase, can be described as a single homogeneous
scalar wave φ(t). By using the energy density of the scalar field
as given by Eq. (93) in Eq. (90) we obtain the condition
pφ = 0, (94)
or, equivalently,
U
(
φ˙
)
=
φ˙2
2
. (95)
Hence, a homogeneous oscillating scalar field is described by
a Barrow-Saich type potential, for which the potential self-
interaction energy of the scalar field is proportional to its ki-
netic energy [144]. Then the energy density of the scalar field
can be written as ρφ = φ˙
2. This equation, obtained naturally in
the framework of the thermodynamics of irreversible processes
in open systems, is very similar to the relation ρφ =
〈
φ˙2
〉
, which
can be found by substituting φ˙2 by its average value per cycle
[145].
In this case the equations describing the dynamics of the
FRW type spacetime filled by the decaying oscillating homo-
geneous scalar field in the presence of dark matter creation be-
come
3H2 =
1
M2
P
φ˙2, (96)
2H˙ + 3H2 = −Γ1H, (97)
n˙rad + 3Hnrad = 3
Γ2
mφ
H2, (98)
respectively. For simplicity, in the following we will assume,
that Γ1 and Γ2 are constants. To simplify the mathematical for-
malism we introduce a set of dimensionless variables τ, h˜ and
θrad,Φ by means of the transformations
t =
2
Γ1
τ, H =
Γ1
3
h˜,
nrad =
2Γ1Γ2M
2
P
3mφ
θrad, Φ = MPφ. (99)
Then Eqs. (96), (97) and (98) take the simple form
h˜2 =
3
4
(
dΦ
dτ
)2
, (100)
dh˜
dτ
= −h˜
(
1 + h˜
)
, (101)
dθrad
dτ
+ 2h˜θrad = h˜
2. (102)
Eqs. (101) and (102) must be integrated with the initial condi-
tions h˜ (τ0) = h˜0 and θrad (τ0) = θ
(0)
rad
, and they have the follow-
ing general solutions,
h˜(τ) =
1(
1 + 1/h˜0
)
eτ−τ0 − 1
, (103)
and
θrad (τ) =
(
h˜2
0
+ 2θ
(0)
rad
)
e2(τ−τ0) − h˜2
0
2
[(
1 + h˜0
)
eτ−τ0 − h˜0
]2 , (104)
respectively.
The evolution of the scale factor is given by
a(τ) = a0
(
1 + h˜0
)
eτ−τ0 − h˜0
eτ
, (105)
where a0 is an arbitrary constant of integration, while the time
variation of the energy density of the scalar field can be ob-
tained as
ρφ(τ) =
4
3
h˜2 =
4
3
 1(
1 + 1/h˜0
)
eτ−τ0 − 1

2
. (106)
For the deceleration parameter q = d(1/H)/dt − 1 we find
q =
3
2
(
1 +
1
h˜0
)
eτ−τ0 − 1. (107)
At the beginning of the oscillatory period corresponding to
the radiation fluid production, corresponding to time intervals
satisfying the condition (t − t0) ≪ Γ−11 , the approximate solu-
tion of the generalized Friedmann equations is given by
h(τ) ≈ h˜0 − h˜0
(
1 + h˜0
)
(τ − τ0) + 1
2
h˜0
(
1 + h˜0
)
×
(1 + 2h˜0) (τ − τ0)2 + O
(
τ − τ0)3
)
, (108)
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a(τ) ≈ a0
[
1+h˜0 (τ − τ0)−
1
2
h˜0 (τ − τ0)2+O
(
(τ − τ0)3
) ]
, (109)
θrad(τ) ≈ θ(0)rad + h˜0(h˜0 − 2θ(0)rad) (τ − τ0) +
h˜0
[
θ
(0)
rad
+ h˜0(−2h˜0 + 3θ(0)rad − 1)
]
(τ − τ0)2 +
O
(
(τ − τ0)3
)
, (110)
q(τ) ≈ 1
h˜0
+
(
1
h˜0
+ 1
)
(τ − τ0) + (h˜0 + 1)
(τ − τ0)2
2h˜0
+
O
(
(τ − τ0)3
)
. (111)
This phase corresponds to a power law (non-inflationary) ex-
pansion of the Universe, with decaying scalar field, and radia-
tion creation.
During the initial oscillating period of the scalar field with
Barrow-Saich type potential, there is a rapid increase of the ra-
diation content of the Universe. The photon number reaches a
maximum value at the moment
τmax = ln
 h˜0(h˜0 + 1)eτ0
h˜2
0
+ 2θ
(0)
rad
 , (112)
with the maximum created dimensionless photon number given
by
θ
(max)
rad
=
h˜2
0
+ 2θ
(0)
rad
4h˜0 − 4θ(0)rad + 2
. (113)
The maximum temperature Tmax reached by the radiation
fluid (assumed to be in thermodynamical equilibrium with the
scalar field) can be obtained as
Tmax =

M2
P
Γ1Γ2
(
h˜2
0
+ 2θ
(0)
rad
)
48πζ(3)mφ
[
1 + 2
(
h˜0 − θ(0)rad
)]

1/3
. (114)
The entropy produced during warm inflation through photon
creation can be easily obtained from Eq. (65) and it is given by
S rad(τ) = S rad (τ0)
(
h˜2
0
+ 2θ
(0)
rad
)
e2(τ−τ0) − h˜2
0
2θ
(0)
rad
e2(τ−τ0)
. (115)
In the first approximation we obtain
S rad(τ)
S rad (τ0)
= 1+
h˜2
0
(τ − τ0)
θ
(0)
rad
− h˜
2
0
(τ − τ0)2
θ
(0)
rad
+O
(
(τ − τ0)3
)
. (116)
Therefore, in the small time limit, there is a linear time increase
of the entropy of the radiation created by the decay of the wave
scalar field.
It is interesting to compare the predictions of the irre-
versible warm inflationarymodel in the presence of the Barrow-
Saich potential with the standard warm inflationary model. In
the presence of the Barrow-Saich potential, by assuming that
ρrad << ρφ, the evolution equations of the standard warm infla-
tionary model take the form
3H2 =
1
M2
P
φ˙2, 2H˙ + 3H2 = 0, (117)
ρ˙rad + 4Hρrad = Γφ˙
2. (118)
For H, φ and the scale factor a we immediately obtain
H(t) =
H0
1 + 3H0 (t − t0) /2
, (119)
φ(t) =
2MP√
3
ln [1 + 3H0 (t − t0)] + φ0, (120)
a(t) = a0 [1 + 3H0 (t − t0)]2/3 , (121)
where we have used the initial condition H (t0) = H0, while φ0
and a0 are arbitrary constants of integration. For the radiation
energy density we find
ρrad(t) =
√
3MPΓ
4
+
C
[1 + 3H0 (t − t0)]8/3
, (122)
where C is an arbitrary integration constant. For the deceler-
ation parameter of the model we obtain q = 1/2. Obviously
this warm inflationary model cannot describe an inflationary
Universe, since it is decelerating for all times, with the energy
density of the radiation decreasing in time. However, the inclu-
sion of the thermodynamical description of irreversible matter
creation/decay processes leads, at least in this case, to the pos-
sibility of obtaining a realistic cosmological model that could
describe the very early stages of the evolution of the Universe.
4.1.2. Coherent scalar field driven warm inflation with temper-
ature dependent dissipative coefficient
In our previous discussion of the warm inflationary scenario
in which the evolution of the Universe is driven by the interac-
tion between a coherent scalar field and radiation we have as-
sumed that the dissipation coefficient Γ is a constant. Even that
such an approximation may be valid for some periods of the
cosmological dynamics, generally the dissipation coefficient Γ
may be a function of the thermodynamic parameters describ-
ing the state of the system. In the following, for simplicity
we assume that Γ1 = Γ2, that is, the dissipation coefficient
is a function of the temperature only. In order to build spe-
cific models, we further assume a power-law form for Γ, so
that Γ1(T ) = Γ0T
α, where Γ0 and α are constants. Then the
basic cosmological evolution equations describing the dynam-
ical evolution of a Universe filled with a coherent scalar field
dissipating into radiation in the presence of the Barrow-Saich
potential are given by
3H2 =
1
M2
P
φ˙2, (123)
2H˙ + 3H2 = −Γ0TαH, (124)
n˙rad + 3Hnrad = 3
Γ0T
α
mφ
H2. (125)
By taking into account the explicit dependence of the radia-
tion fluid particle number on the temperature, Eq. (125) gives
the following differential equation for the temperature evolu-
tion,
T˙ + HT =
Γ0
16πζ(3)mφ
Tα−2H2. (126)
14
Generally, the system of equations (124) and (126) can be
solved only numerically. However, an approximate analytical
solution can be obtained if we assume the condition T˙/T << H,
which allows to obtain the temperature from Eq. (126) in terms
of the Hubble function as
T ≈
(
16πζ(3)mφ
Γ0
)1/(α−3)
H1/(3−α). (127)
Then Eq. (124) takes the form
2H˙ + 3H2 = −βHξ, (128)
where we have denoted β =
(
16πζ(3)mφΓ
−3/α
0
)α/(α−3)
, and ξ =
3/(3−α), respectively. In the cosmological regime with 2H˙ >>
3H2, Eq. (128) has the general solution given by
H(t) =
[
α (βt − 2H0)
2 (3 − α)
](α−3)/α
, (129)
where H0 is an arbitrary constant of integration. In order to
have an expanding Universe, the Hubble function must be a
monotonically decreasing function of time, a condition which
imposes the constraint α < 3. For the scale factor of the Uni-
verse we obtain the expression
a(t) = a0 exp

α2 (βt − 2H0)2
[
α(βt−2H0)
6−2α
]−3/α
2(3 − α)(2α − 3)β
 , (130)
with a0 a constant of integration. The scalar field varies as
φ(t) =
√
3MP

α2 (βt − 2H0)2
[
α(βt−2c1)
6−2α
]−3/α
2(3 − α)(2α − 3)β
 + φ0, (131)
where φ0 is an arbitrary integration constant, while for the tem-
perature evolution we find
T (t) ≈
(
16πζ(3)mφ
Γ0
)1/(α−3) [
α (βt − 2H0)
2(3 − α)
]−1/α
. (132)
For α < 3 and for time intervals so that βt > 2H0, the tem-
perature is a monotonically decreasing function of time. De-
spite qualitative in nature, the above considerations indicate that
the functional dependence of the dissipation parameter on the
thermodynamic quantities characterizing the interacting scalar
field-radiation fluid system (temperature, energy density or par-
ticle number) may play a fundamental role in the description
of the dynamical evolution of the early Universe. The explicit
form of Γmust be obtained from a fundamental quantum theory
that gives a firm theoretical basis to the physical processes that
take place during the decay of the scalar field into radiation, or
other elementary particles.
4.2. Constant potential scalar field and radiation creation
As a second example in the study of the warm inflationary
models in the framework of the thermodynamics of the irre-
versible processes involving an interaction between the scalar
field and radiation we consider the approximation in which the
scalar field potential can be approximated, for a certain time in-
terval, as a positive constant, so that U(φ) = Λ = constant > 0.
Hence, in this case the energy density and the pressure of the
scalar field can be written as
ρφ =
1
2
φ˙2 + Λ, Pφ =
1
2
φ˙2 − Λ. (133)
4.2.1. Radiation creation in the absence of background cosmo-
logical expansion
We introduce now a second approximation in the description
of the warm inflationary models by assuming that the varia-
tion in the scalar field energy density, due to the cosmological
expansion, can be neglected in the scalar field evolution equa-
tions. From a mathematical point of view this approximation
implies that in Eqs. (60) and (61), giving the energy density and
the particle number of the scalar field, the terms containing 3H
can be neglected. Hence the main contribution to the time evo-
lution of the scalar field is provided by its decay into photons,
and not by the background cosmological expansion. However,
we assume that the feedback of the newly created radiation gas
on the cosmological evolution cannot be neglected. Within the
framework of these approximations, from Eq. (50), describing
the scalar field particles decay, we first find
ρφ = −
mφ
Γ1
n˙φ. (134)
This relation gives the energy density of the scalar field as a
function of the particle numbers. By substituting ρφ from the
above equation into Eq. (60) we obtain
n¨φ + Γ1
φ˙2
nφ
n˙φ = 0. (135)
By taking into account that the square of the time derivative of
the scalar field φ˙2 is given by
φ˙2 = 2
(
ρφ − Λ
)
= 2
(
−mφn˙φ
Γ1
− Λ
)
, (136)
the equation describing the dynamics of the scalar field particles
can be obtained as
nφn¨φ − 2n2φ − 2
Γ1
mφ
Λn˙φ = 0. (137)
By denoting n˙φ = u, n¨φ = udu/dnφ, Eq. (137) takes the form,
nφ
du
dnφ
= 2
(
u +
Γ1
mφ
Λ
)
, (138)
immediately giving
n˙φ = N1n
2
φ −
Γ1
mφ
Λ, (139)
where N1 is an arbitrary integration constant. By using the ini-
tial conditions n˙φ (t0) = −
(
Γ1/mφ
)
ρφ (t0) = −
(
Γ1/mφ
)
ρφ0 and
nφ (t0) = nφ0 we obtain
N1 =
(
Γ1/mφ
) (
Λ − ρφ0
)
n2
φ0
. (140)
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Therefore the general solution of Eq. (137), describing the
variation of the scalar particle number, is given by
nφ(t) =
√
Γ1Λ
mφN1
tanh
[√
Γ1ΛN1
mφ
(t0 − t) +
tanh−1

√
mφN1
Γ1Λ
nφ0

]
. (141)
The evolution equation for the temperature of the radiation
follows from Eq. (62, and can be written as
T˙ + 4HT = − Γ2
48πζ(3)Γ1
n˙φ
T 2
=
− Γ2
48πζ(3)Γ1
1
T 2
(
N1n
2
φ −
Γ1
mφ
Λ
)
. (142)
By neglecting the effects of the expansion of the Universe we
obtain for T the equation
d
dt
T 3 =
Γ2Λ
16πζ(3)mφ
− Γ2N1
16πζ(3)Γ1
n2φ, (143)
with the general solution given by
T 3 = C30 −
Γ2
√
Λ
48πζ(3)
√
Γ1mφN1
×
tanh

√
Γ1ΛN1
mφ
(t0 − t) + tanh−1

√
mφN1
Γ1Λ
nφ0

 , (144)
where C0 is an arbitrary constant of integration, which must
be determined from the initial condition T (t0) = T0. Thus we
obtain
C30 = T
3
0 +
Γ2
Γ1
nφ0
48πζ(3)
. (145)
In the limit of large times we obtain
lim
t→∞
T 3 = T 30 +
Γ2
48πζ(3)
nφ0Γ1 +
√
Λ
Γ1mφN1
 . (146)
However, this result was obtained by neglecting the expansion
of the Universe.
4.2.2. Warm inflationary cosmological models with irre-
versible radiation fluid creation
In the general case of warm inflationarymodels with constant
scalar field potential, by taking into account the expansion of
the Universe, the system of equations describing the irreversible
photon fluid creation from the scalar field are given by
3H2 =
1
M2
P
(
ρφ + ρrad
)
, (147)
n˙φ + 3Hnφ = − Γ1
mφ
ρφ, (148)
ρ˙φ + 6H
(
ρφ − Λ
)
+
2Γ1
(
ρφ − Λ
)
ρφ
mφnφ
= 0, (149)
ρ˙rad + 4Hρrad =
4
3
Γ2
ρrad
mφnrad
ρφ, (150)
T˙ + HT =
Γ2
48πζ(3)mφ
ρφ
T 2
. (151)
For simplicity, in the following we will assume Γ1 = Γ2 =
constant.
We introduce now a set of dimensionless variables(
rφ,Nφ, rrad, τ
)
, defined as
τ = Γ1t, ρφ = Λrφ, nφ = Λ
Nφ
mφ
,
ρrad = Λrrad, T =
(
Λ
48πζ(3)mφ
)1/3
θ. (152)
Then the system of field equations Eqs. (147)-(151) can be writ-
ten in a dimensionless form as
1
a
da
dτ
= λ
√
rφ + rrad, (153)
dNφ
dτ
+ 3λ
√
rφ + rradNφ = −rφ, (154)
drφ
dτ
+ 6λ
√
rφ + rrad
(
rφ − 1
)
+
2rφ
(
rφ − 1
)
Nφ
= 0, (155)
drrad
dτ
+ 4λ
√
rφ + rradrrad = γθrφ, (156)
and
dθ
dτ
+ λ
√
rφ + rrad =
rφ
θ2
, (157)
respectively, where we have denoted
λ =
1
Γ1
√
Λ
3M2
P
, (158)
and
γ =
(
32
3
)1/3
π11/3
135ζ4/3(3)
 Λ
m4
φ

1/3
, (159)
respectively.
The density parameters Ωφ and ΩDM of the scalar field and
of the radiation are given by
Ωφ =
rφ
rφ + rrad
, (160)
and
Ωrad =
rrad
rφ + rrad
, (161)
respectively, and they satisfy the relation Ωφ + Ωrad = 1.
The dynamics of the interacting scalar field-radiation system
is determined by two control parameters, λ, and γ, depending
on the mass mφ of the scalar field particle.
For the initial conditions used for the numerical integration
of the cosmological evolution equations we have chosen the
numerical values a(0) = 10−3, Nφ(0) = 105, rφ(0) = 105.3,
rrad(0) = 10
−6, and θ(0) = 10−3/2, respectively.
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Figure 1: Time variation of the scale factor of the interacting scalar field - radi-
ation fluid filled Universe for a constant potential scalar field, and for different
values of the parameter λ: λ = 0.0016 (solid curve), λ = 0.0018 (dotted curve),
λ = 0.0020 (dashed curve), λ = 0.0022 (long dashed curve), and λ = 0.0024
(ultra long dashed curve), respectively. The numerical value of the parameter γ
was fixed to γ = 0.16.
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Figure 2: Time variation of the scalar field particle number Nφ in the warm
inflationary scenario with an interacting scalar field - radiation fluid filled Uni-
verse for a constant potential scalar field, and for different values of the pa-
rameter λ: λ = 0.0016 (solid curve), λ = 0.0018 (dotted curve), λ = 0.0020
(dashed curve), λ = 0.0022 (long dashed curve), and λ = 0.0024 (ultra long
dashed curve), respectively. The numerical value of the parameter γ was fixed
to γ = 0.16.
The time variations of the scale factor a, of the scalar field
particle numberNφ, of the scalar field energy rφ, of the radiation
energy density rrad, of the temperature θ, and of the deceleration
parameter q are represented, for the above initial conditions, for
different values of the parameter λ, and for γ = 0.16, in Figs. 1-
6.
As one can see from Fig. 1, the warm inflationary Universe
filled with a mixture of interacting scalar field and radiation is
an expansionary state, with the rate of the expansion, and the
scale factor evolution, strongly dependent on the numerical val-
ues of the dimensionless parameter λ, which is a function of the
ratio of the (constant) scalar field potential Λ, and of the scalar
field decay rate Γ1. Accelerated expansion can also be obtained
in the framework of the present model, the creation pressure,
corresponding to the irreversible decay of the scalar field, and
the matter creation, can drive the Universe into a de Sitter type
0.0 0.5 1.0 1.5 2.0
0
20000
40000
60000
80000
100000
τ
r
ϕ
(
τ
)
Figure 3: Time variation of the dimensionless scalar field energy rφ in the warm
inflationary scenario with an interacting scalar field - radiation fluid filled Uni-
verse for a constant potential scalar field, and for different values of the pa-
rameter λ: λ = 0.0016 (solid curve), λ = 0.0018 (dotted curve), λ = 0.0020
(dashed curve), λ = 0.0022 (long dashed curve), and λ = 0.0024 (ultra long
dashed curve), respectively. The numerical value of the parameter γ was fixed
to γ = 0.16.
0.0 0.5 1.0 1.5 2.0
0
20000
40000
60000
80000
100000
120000
τ
r
ra
d
(
τ
)
Figure 4: Time variation of the dimensionless radiation fluid energy rrad in the
warm inflationary scenario with an interacting scalar field - radiation fluid filled
Universe for a constant potential scalar field, and for different values of the
parameter λ: λ = 0.0016 (solid curve), λ = 0.0018 (dotted curve), λ = 0.0020
(dashed curve), λ = 0.0022 (long dashed curve), and λ = 0.0024 (ultra long
dashed curve), respectively. The numerical value of the parameter γ was fixed
to γ = 0.16.
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Figure 5: Time variation of the dimensionless temperature θ in the warm in-
flationary scenario with an interacting scalar field - radiation fluid filled Uni-
verse for a constant potential scalar field, and for different values of the pa-
rameter λ: λ = 0.0016 (solid curve), λ = 0.0018 (dotted curve), λ = 0.0020
(dashed curve), λ = 0.0022 (long dashed curve), and λ = 0.0024 (ultra long
dashed curve), respectively. The numerical value of the parameter γ was fixed
to γ = 0.16.
0.0 0.5 1.0 1.5 2.0
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
τ
q
(
τ
)
Figure 6: Time variation of the deceleration parameter q in the warm infla-
tionary scenario with an interacting scalar field - radiation fluid filled Universe
for a constant potential scalar field, and for different values of the parameter
λ: λ = 0.0016 (solid curve), λ = 0.0018 (dotted curve), λ = 0.0020 (dashed
curve), λ = 0.0022 (long dashed curve), and λ = 0.0024 (ultra long dashed
curve), respectively. The numerical value of the parameter γ was fixed to
γ = 0.16.
phase. As shown in Fig. 2, the particle number of the scalar
field decreases during the cosmological evolution, due to the
creation of the photons. The decay rate strongly depends on
the numerical value of the parameter λ. The dimensionless en-
ergy density of the scalar field rφ, shown in Fig. 3, tends in the
large time limit to the value 1, corresponding to ρφ = Λ, and
to a de Sitter type expansion. This shows that the decay of the
scalar field is determined and controlled by the kinetic energy
term of the field φ˙2/2, which is the source of the radiation cre-
ation. When the energy and the pressure of the scalar field are
dominated by the scalar field potential Λ, ρφ = −pφ = Λ, then
ρφ + pφ = 0, and from Eq. (60) it follows that ρφ = constant,
and the scalar field energy cannot be converted any more into
other type of particles. The energy density of the radiation fluid,
consisting of photons, and presented in Fig. 4, increases in time
due to the decay of the scalar field particles. After a finite time
interval τmax, the radiation energy density reaches a maximum
value, and for time intervals τ > τmax, it decreases monoton-
ically, indicating a significant decrease in the number of the
produced photons. The temperature of the radiation fluid, de-
picted in Fig. 5, shows a similar evolutionary pattern, with the
temperature of the Universe reaching its maximum value θmax
at τmax.
The evolution of the deceleration parameter, represented in
Fig. 6, indicates the existence of a complex dynamics of the
interacting scalar field-radiation system. The evolution of the
Universe begins at τ = 0 from a decelerating phase, with q > 0
having values of around q ≈ 2. This initial value is relatively
independent on the adopted initial conditions, and the numer-
ical values of the model parameters. Due to the irreversible
radiation creation the expansion of the Universe accelerates,
and very quickly the deceleration parameter becomes negative,
reaching, for some parameter values, the de Sitter phase. The
Universe remains in the accelerating state with q < 0 a fi-
nite time interval, reaching the value q = 0 in a parameter-
dependent way, at a time interval τe. The change of sign of q
indicates the transition from the accelerating to the decelerating
phase (end of inflation), and, for enough large time intervals
q reaches the value q ≈ 0.5, a numerical value approximately
independent on the numerical values of the model parameters.
4.3. Warm inflationary models with Higgs type potential and
irreversible radiation creation
As a second warm inflationary model radiation creation we
will consider the case when the self-interaction potential U(φ)
of the scalar field is of the Higgs type,
U(φ) = ±µ
2
2
φ2 +
ξ
4
φ4, (162)
where µ2 and ξ are constants. If, similarly to the standard ap-
proach in elementary particle physics, we assume that the con-
stant µ2 < 0 is related to the mass of the scalar particle by the
relation m2φ = 2ξv
2 = −2µ2, then v2 = −µ2/ξ gives the mini-
mum value of the potential. In the case of strong interactions
the Higgs self-coupling constant ξ can be obtained from the
determination of the mass of the Higgs boson from accelera-
tor experiments, and it has the numerical value of the order of
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ξ ≈ 1/8 [146]. In the presence of the Higgs potential, the cos-
mological evolution equations of the warm inflationary scenario
with irreversible radiation creation take the following form,
3H2 =
1
M2
P
(
φ˙2
2
± µ
2
2
φ2 +
ξ
4
φ4 + ρrad
)
, (163)
n˙φ + 3Hnφ = − Γ1
mφ
(
φ˙2
2
± µ
2
2
φ2 +
ξ
4
φ4
)
, (164)
φ¨ + 3Hφ˙ ± µ2φ + ξφ3 = − Γ1
mφnφ
φ˙
(
φ˙2
2
± µ
2
2
φ2 +
ξ
4
φ4
)
, (165)
ρ˙rad + 4Hρrad =
2π4
45ζ(3)
Γ1
mφ
T
(
φ˙2
2
± µ
2
2
φ2 +
ξ
4
φ4
)
, (166)
T˙ + HT =
Γ1
48πζ(3)mφ
1
T 2
(
φ˙2
2
± µ
2
2
φ2 +
ξ
4
φ4
)
. (167)
We reparameterize now the scalar field φ according to
φ→ MPφ, (168)
and we introduce a set of dimensionless variable
(
τ, rrad ,Nφ, θ
)
defined as
t =
1
Γ1
τ, ρrad = Γ
2
1M
2
P rrad ,
nφ =
Γ2
1
M2
P
mφ
Nφ, T =
 Γ21M2P
48πζ(3)mφ
1/3 θ, (169)
Moreover, we denote
ǫ2 =
µ2
2Γ2
1
, σ =
ξM2
P
4Γ2
1
, γ =
π11/3M2
P
Γ
2/3
1
45 × 61/3ζ4/3(3)m4/3
φ
. (170)
Then the system of Eqs. (163)-(167) can be reformulated as
a first order dynamical system given by
dφ
dτ
= u, (171)
da
dτ
=
1√
3
√
u2
2
± ǫ2φ2 + σφ4 + rrad a, (172)
dNφ
dτ
+
√
3
√
u2
2
± ǫ2φ2 + σφ4 + rrad Nφ =
−
(
u2
2
− ǫ2φ2 + σφ4
)
, (173)
du
dτ
+
√
3
√
u2
2
± ǫ2φ2 + σφ4 + rrad u ± 2ǫ2φ + 4σφ3 =
− u
Nφ
(
u2
2
± ǫ2φ2 + σφ4
)
, (174)
drrad
dτ
+
4√
3
√
u2
2
± ǫ2φ2 + σφ4 + rrad rrad =
γθ
(
u2
2
± ǫ2φ2 + σφ4
)
, (175)
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Figure 7: Time variation of the scale factor of the interacting scalar field -
radiation fluid filled warm inflationary Universe, for the case of the Higgs type
potential of the scalar field with µ2 < 0, and for different values of the parameter
γ: γ = 0.99 (solid curve), γ = 1.24 (dotted curve), γ = 1.57 (dashed curve), γ =
1.84 (long dashed curve), and γ = 2.17 (ultra long dashed curve), respectively.
The numerical value of the parameters ǫ and σ were fixed to ǫ = 1.27 and
σ = 0.76, respectively.
dθ
dτ
+
1√
3
√
u2
2
± ǫ2φ2 + σφ4 + rrad θ =
1
θ2
(
u2
2
± ǫ2φ2 + σφ4
)
(176)
The system of equations (171)-(176) must be integrated with
the initial conditions φ(0) = φ0, u(0) = u0, Nφ(0) = Nφ0,
rrad(0) = rrad0, and θ(0) = θ0. In the present study we adopt
as the initial conditions used for the numerical integration of
the cosmological evolution equations in the presence of a Higgs
type potential the numerical values a(0) = 10−3, Nφ(0) = 105,
φ(0) = 5 for the case µ2 < 0, φ(0) = 1.4 for the case µ2 > 0,
u(0) = −1.25, rrad(0) = 10−6, and θ(0) = 10−3/2, respectively.
In the warm inflationary cosmological model, in which the
self-interaction potential of the scalar field is of Higgs type, the
evolution of the Universe is determined by three parameters ǫ2,
σ, and γ, respectively, which are the dimensionless combina-
tions of the parameters of the potential, the field decay rate, and
the mass of the Higgs boson, respectively. In the following we
will investigate the cosmological evolution for both signs of µ2
in the Higgs potential.
4.3.1. U(φ) = − µ2
2
φ2 +
ξ
4
φ4
First we consider the warm inflationary evolution for a nega-
tive µ2, that is, we adopt for the Higgs potential the expression
U(φ) = −µ2φ2/2 + ξφ4/4, with µ2 > 0. The time variations
of the scale factor, scalar field particle number, scalar field en-
ergy density, radiation energy density, and of the temperature
of the radiation fluid are represented for this form of the Higgs
potential in Figs. 7-12.
As one can see from Fig. 7, the scalar field-radiation inter-
acting Universe in the presence of a Higgs potential is in an
expansionary state, with the scale factor a monotonically in-
creasing function of time. In the initial stages of expansion, the
cosmological dynamics is basically independent on the numer-
19
0.00 0.05 0.10 0.15 0.20 0.25 
0
10000
20000
3000
τ
N
ϕ
(
τ
)
Figure 8: Time variation of the scalar field particle number Nφ in the warm
inflationary scenario with an interacting scalar field - radiation fluid filled Uni-
verse, for the case of the Higgs type potential of the scalar field with µ2 < 0,
and for different values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24
(dotted curve), γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and
γ = 2.17 (ultra long dashed curve), respectively. The numerical value of the
parameters ǫ and σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 9: Time variation of the dimensionless scalar field energy rφ in the warm
inflationary scenario with an interacting scalar field - radiation fluid filled Uni-
verse, for the case of the Higgs type potential of the scalar field with µ2 < 0,
and for different values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24
(dotted curve), γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and
γ = 2.17 (ultra long dashed curve), respectively. The numerical value of the
parameters ǫ and σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 10: Time variation of the dimensionless radiation fluid energy density
rrad in the warm inflationary scenario with an interacting scalar field - radiation
fluid filled Universe, for the case of the Higgs type potential of the scalar field
with µ2 < 0, for different values of the parameter γ: γ = 0.99 (solid curve),
γ = 1.24 (dotted curve), γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve),
and γ = 2.17 (ultra long dashed curve), respectively. The numerical value of
the parameters ǫ and σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 11: Time variation of the dimensionless temperature θ in the warm infla-
tionary scenario with an interacting scalar field - radiation fluid filled Universe,
for the case of the Higgs type potential of the scalar field with µ2 < 0, for differ-
ent values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24 (dotted curve),
γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and γ = 2.17 (ultra
long dashed curve), respectively. The numerical value of the parameters ǫ and
σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 12: Time variation of the deceleration parameter q in the warm inflation-
ary scenario with an interacting scalar field - radiation fluid filled Universe, for
the case of the Higgs type potential of the scalar field with µ2 < 0, for different
values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24 (dotted curve),
γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and γ = 2.17 (ultra
long dashed curve), respectively. The numerical value of the parameters ǫ and
σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
ical values of γ, but at later stages the cosmological behavior
is strongly influenced by the variation of this parameter. The
dimensionless scalar field particle number, whose time varia-
tion is presented in Fig. 8, shows a rapid monotonic decrease in
time, with its dynamic basically independent on the parameter
γ. In the large time limit the scalar field particle number van-
ishes. The dimensionless scalar field energy density, shown in
Fig. 9, also rapidly decreases in time, with its decay dynamics
basically independent on γ. The radiation fluid energy den-
sity, created during the warm inflation period, is depicted in
Fig. 10. The radiation energy density initially increases due
to the energy transfer from the scalar field to photons, and it
reaches a maximum value r
(max)
rad
after a finite interval τmax. For
time intervals τ > τ the expansion rate of the Universe becomes
larger than the particle creation rate, and the expansionary evo-
lution determines the decrease of the radiation fluid energy den-
sity. The generation of the radiation fluid from the scalar field
is strongly dependent on the numerical values of the parame-
ter γ. Finally, the temperature of the radiation fluid, presented
in Fig. 11, shows a similar behavior as the energy density of
the radiation fluid. The temperature of the Universe increases
rapidly during the early stages of the cosmological evolution,
and reaches a maximum value at some finite time τmax. Then
the expansion of the Universe takes over the particle production
processes, and, due to the cosmological expansion, the temper-
ature of the radiation fluid began to decrease.
The variation of the deceleration parameter q, represented in
Fig. 12, shows that the Universe field with the Higgs potential
scalar field interacting with a radiation fluid begins its expan-
sion from a de Sitter type phase, with q ≈ −1. The expansion
is decelerating, with the numerical values of the deceleration
parameter increasing in time. After a finite time interval τe, the
Universe reaches the marginally accelerating state with q = 0,
and for larger time intervals it enters into a decelerating phase,
with q > 0. The final stages of the decelerating cosmological
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Figure 13: Time variation of the scale factor of the interacting scalar field -
radiation fluid filled warm inflationary Universe, for the case of the Higgs type
potential of the scalar field with µ2 > 0, and for different values of the parameter
γ: γ = 0.99 (solid curve), γ = 1.24 (dotted curve), γ = 1.57 (dashed curve), γ =
1.84 (long dashed curve), and γ = 2.17 (ultra long dashed curve), respectively.
The numerical value of the parameters ǫ and σ were fixed to ǫ = 1.27 and
σ = 0.76, respectively.
evolution are strongly dependent on the model parameters, or,
in the case of our present numerical analysis, on the values of γ,
describing the coupling between the temperature and the energy
density of the scalar field. Presumably a fundamental (quantum
field based) physical theory would be able to estimate the nu-
merical values of the model parameters, thus allowing a precise
comparison of the cosmological observations and the theoreti-
cal predictions.
4.3.2. U(φ) =
µ2
2
φ2 +
ξ
4
φ4
Next, we consider the warm inflationary evolution for a pos-
itive µ2, that is, we adopt for the Higgs potential the expression
U(φ) = µ2φ2/2 + ξφ4/4, with µ2 > 0. The time variations of
the scale factor, scalar field particle number, scalar field energy
density, radiation energy density, and of the temperature of the
radiation fluid are represented for this second form of the Higgs
potential in Figs. 13-18.
From a qualitative point of view the cosmological dynamics
for µ2 > 0 is very similar to the case with µ2 < 0. However,
at least for the adopted range of numerical values of the model
parameters, important qualitative differences do appear, with
the cosmological evolution taking place at a lower pace. The
scale factor, presented in Fig. 13, is a monotonically increasing
function of time, whose early evolution os basically indepen-
dent on the model parameters. However, the late time behavior
shows a significant dependence on γ. The scalar field particle
number, depicted in Fig. 14, decreases during the cosmic ex-
pansion in an almost γ - independent way. The variation of
the scalar field energy density, depicted in Fig. 15, a decreasing
function of time, shows a very small dependence on γ. How-
ever, the parameter γ has a significant effect on the evolution
of the radiation energy density, shown in Fig. 16. Due to the
decay of the scalar field, the radiation energy density increases
in the early periods of the cosmological expansion, and reaches
a maximum value at a finite time interval τmax, which is very
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Figure 14: Time variation of the scalar field particle number Nφ in the warm
inflationary scenario with an interacting scalar field - radiation fluid filled Uni-
verse, for the case of the Higgs type potential of the scalar field with µ2 > 0,
and for different values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24
(dotted curve), γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and
γ = 2.17 (ultra long dashed curve), respectively. The numerical value of the
parameters ǫ and σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 15: Time variation of the dimensionless scalar field energy rφ in the
warm inflationary scenario with an interacting scalar field - radiation fluid filled
Universe, for the case of the Higgs type potential of the scalar field with µ2 > 0,
and for different values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24
(dotted curve), γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and
γ = 2.17 (ultra long dashed curve), respectively. The numerical value of the
parameters ǫ and σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 16: Time variation of the dimensionless radiation fluid energy density
rrad in the warm inflationary scenario with an interacting scalar field - radiation
fluid filled Universe, for the case of the Higgs type potential of the scalar field
with µ2 > 0, for different values of the parameter γ: γ = 0.99 (solid curve),
γ = 1.24 (dotted curve), γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve),
and γ = 2.17 (ultra long dashed curve), respectively. The numerical value of
the parameters ǫ and σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 17: Time variation of the dimensionless temperature θ in the warm infla-
tionary scenario with an interacting scalar field - radiation fluid filled Universe,
for the case of the Higgs type potential of the scalar field with µ2 > 0, for differ-
ent values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24 (dotted curve),
γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and γ = 2.17 (ultra
long dashed curve), respectively. The numerical value of the parameters ǫ and
σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
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Figure 18: Time variation of the deceleration parameter q in the warm inflation-
ary scenario with an interacting scalar field - radiation fluid filled Universe, for
the case of the Higgs type potential of the scalar field with µ2 > 0, for different
values of the parameter γ: γ = 0.99 (solid curve), γ = 1.24 (dotted curve),
γ = 1.57 (dashed curve), γ = 1.84 (long dashed curve), and γ = 2.17 (ultra
long dashed curve), respectively. The numerical value of the parameters ǫ and
σ were fixed to ǫ = 1.27 and σ = 0.76, respectively.
different as compared to the µ2 < 0 case. For time intervals
τ > τmax, the radiation production significantly decreases, and
the evolution of the matter content is governed by the expansion
of the Universe. The evolution of the temperature, represented
in Fig. 17 has a similar evolution to that of the photon gas. The
deceleration parameter, represented in Fig. 18, shows that in its
initial stage the Universe was in an accelerating state, with the
deceleration parameter having values of the order of q ≈ −0.7.
The expansion did accelerate towards a de Sitter phase, reached
in a very short time interval, and followed with a slow deceler-
ating evolution. At the finite moment τ = τmax, the deceleration
parameter becomes zero, indicating the end of inflation. This
moment also corresponds to the radiation density reaching its
maximum value. For τ > τmax, the deceleration parameter has
positive values, indicating a decelerating dynamics of the Uni-
verse.
5. Constraints from Planck-2018 results
We will now compare the results of the warm inflationary
model with irreversiblematter creation, developed in the frame-
work of the thermodynamics of open systems in the previous
Sections, with the observational data obtained with the Planck
satellite. The Planck observational data have been extensively
used to test the theoretical predictions of the warm inflationary
models.
The reconstruction of a warm inflationary Universe model
from the scalar spectral index nS (N) and the tensor to scalar
ratio r(N) as a function of the number of e-folds N was stud-
ied [87]. The effective potential and the dissipative coefficient
were found in terms of the cosmological parameters nS and r
considering the weak and strong dissipative regimes under the
slow roll approximation. The warm inflation observational pre-
dictions were confronted with the latest CMB data in [89], by
considering a linear temperature dependent dissipative coeffi-
cient, and the simplest model of inflation, a quartic chaotic po-
tential. Although excluded in the standard cold inflation ver-
sion, dissipation reduces the tensor-to-scalar ratio and brings
the quartic chaotic model within the observable allowed range.
The constraints that Planck 2015 temperature, polarization and
lensing data impose on the parameters of warm inflation were
revisited in [90], by studying warm inflation driven by a sin-
gle scalar field with a quartic self interaction potential in the
weak dissipative regime. The effects of the parameters of warm
inflation, namely, the inflaton self coupling λ and the inflaton
dissipation parameter QP on the CMB angular power spectrum
were investigated. Moreover, λ and QP were constrained for 50
and 60 number of e-foldings with the full Planck 2015 data by
performing a Markov-Chain Monte Carlo analysis. Two-field
warm inflation models with a double quadratic potential and a
linear temperature dependent dissipative coefficient were stud-
ied in [97]. The scalar spectral index ns and the tensor-to-scalar
ratio r was computed for several representative potentials, and
the results were compared with the observational data. Warm
inflationary scenarios in which the accelerated expansion of the
early Universe is driven by chameleon-like scalar fields were
investigated in [98], and the model was constrained by using
Planck 2018 data.
5.1. Coherent scalar field dominated warm inflation
As a first example of the comparison of our theoretical pre-
dictions with the cosmological observations, i.e. Planck-2018
results, we are going to estimate the free parameters of the
warm inflationary scenario for the model introduced in Sec-
tion 4.1.1, corresponding to the case of the coherent scalar
field driven cosmological evolution. Even with the inclusion
of the extra degrees of freedom, which the irreversible thermo-
dynamic approach brings into the model, we still can obtain
for this model the exact representations for the most important
cosmological parameters, which would allow us to test the cos-
mological predictions of the theory. For instance the Hubble
parameter H, is given by Eq. (103). From Eq. (104), the tem-
perature, T of the photon gas can be obtained as
T =
 Γ21M2P
24πζ(3)mφ
1/3 θ1/3rad =
T0

(
1 + 2θ
(0)
rad
/h˜2
0
)
e2(τ−τ0) − 1[(
1 + 1/h˜0
)
eτ−τ0 − 1
]2

1/3
, (177)
where we have assumed Γ1 = Γ2, and we have denoted T0 =(
Γ2
1
M2
P
/48πζ(3)mφ
)1/3
.
We point out that in the warm inflationary proposal, there are
both quantum and thermal fluctuations. Thermal fluctuations
depend on T , while quantum fluctuations depend on H. One
important feature of warm inflation is that the fluid temperature
must be bigger than the Hubble parameter, T > H, a condition
stating that the thermal fluctuations overcome quantum fluctu-
ations, and thus they become the origin of the Universe’s large
scale structures. Now in order to investigate the observational
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constraints on the warm inflationary era we introduce the first,
and second slow-roll parameters, which are defined as
ǫ1 = q + 1 = − H˙
H2
= − 3
2h˜2
dh˜
dτ
=
3
2
(
1 +
1
h˜0
)
eτ−τ0 , (178)
and
ǫ2 =
ǫ˙1
Hǫ1
≡ H¨
HH˙
− 2H˙
H2
=
3
2h˜2
d2h˜/dτ2
dh˜/dτ
− 3
h˜2
dh˜
dτ
=
3
2
[(
1 +
1
h˜0
)
eτ−τ0 − 1
]
. (179)
The amount of cosmic expansion during inflation is mea-
sured through the number of e-foldsN , defined as
N =
∫ te
t⋆
H dt =
2
3
∫ τe
τ⋆
h˜ dτ =
2
3
τ∗ − τe + ln
(
1 + h˜0
)
eτe−τ0 − h˜0(
1 + h˜0
)
eτ∗−τ0 − h˜0
 . (180)
Once the expression of the re-scaled time at the end of in-
flation, τe, is obtained from the relation ǫ1(τe) = 1, Eq. (180)
is used to derive the re-scaled time at the time of the horizon
crossing, i.e. τ⋆, in terms of the number of e-folds. Then, all
the perturbation parameters can be expressed in terms of the
number of e-folds.
Therefore by means of Eq. (178) at the end of inflation we
obtain
τe = τ0 + ln
 2
3
(
1 + 1/h˜0
)
 . (181)
Then from Eqs.(180) for the horizon exit time we find
τ⋆ = ln 2 − ln
{  (1 + h˜0)
(
2e3N/2 + 1
)
h˜0
 × e− 3N2 −τ0
}
.
(182)
To investigate the accuracy of a theoretical model, one has to
perform a comparison between its predictions with the observa-
tional data. In this regard, we will obtain some important per-
turbation parameters, such as the amplitude of scalar perturba-
tions, the scalar spectral index and the tensor-to-scalar ratio, and
they will be compared with the Planck-2018 data [149, 150].
Following [147, 148, 67, 98], the amplitude of the scalar per-
turbations Ps can be obtained as
Ps =
25
4
(
H
φ˙
)2
(δφ)2 , (δφ)2 =
√
Γ1HT
2π2
. (183)
From Eqs. (100), (103), (177) and (183) we obtain
Ps = 25Γ1T 0
24
√
3π2M2
P
[(
1 + 2θ
(0)
rad
/h˜2
0
)
e2(τ−τ0) − 1
]1/3
[(
1 + 1/h˜0
)
eτ−τ0 − 1
]7/6 .
(184)
The scalar spectral index ns is obtained from the amplitude
of the scalar perturbations, and it is defined as
ns − 1 =
d ln(Ps)
d ln(k)
=
d ln(Ps)
d ln(a)
d ln(a)
d ln(k)
=
1
H
d
dt
ln(Ps) =
3
2
1
h˜
d
dτ
lnPs(τ), (185)
where we have assumed that
d ln(a)
d ln(k)
= 1. Hence we obtain
ns(τ) =
4h˜3
0
e3τ0 + 3(h˜0 + 1)
(
h˜2
0
+ 2θ
(0)
rad
)
e3τ − 7(h˜0 + 1)h˜20eτ+2τ0
4h˜3
0
e3τ0 − 4h˜0
(
h˜2
0
+ 2θ
(0)
rad
)
e2τ+τ0
.
(186)
Tensor perturbations, known as gravitational waves, are mea-
sured indirectly through the tensor-to-scalar ratio parameter
r = Pt/Ps. The amplitude of the tensor perturbations is given
by [147]
Pt =
2H2
M2
P
π2
=
2Γ2
1
9M2
P
π2
[
eτ−τ0
(
1 + 1
h˜0
)
− 1
]2 . (187)
The tensor spectral index is defined as
nt =
d ln(Pt)
d ln(k)
=
1
H
d
dt
ln(Pt) =
2
H
d
dt
lnH =
2H˙
H2
= −2 (q + 1) , (188)
giving
nt = −3
(
1 +
1
h˜0
)
eτ−τ0 , (189)
To compare our results with observationswe can considered the
consistency relation to obtain the tensor to scalar ratio parame-
ter i.e. r = −8nt. The last terms in both Eqs.(187) and (189) are
obtained by considering the reparameterized Hubble parameter
introduced in Eq. (103).
The constant parameter Γ1 can be determined by using the
observational data for the amplitude of the scalar perturbations,
Ps (τ⋆) = P⋆s = 2.17 × 10−9 at the horizon exit time as
Γ
5/3
1
=
244/3
√
3π7/3
[
ζ(3)mφM
4
P
]1/3 P⋆s (1 + h˜0)7/6
25
√
(1 + h˜0)
(
2e3N/2 − 1) ×[
4(1 + h˜0)
2e3N/2 + 4e3N(2θ(0)
rad
− 2h˜0 − 1) − (1 + h˜0)2
]− 1
3
.
(190)
Now with the help of Eqs. (182), (189) and (186), and also
by using the expression of Γ1 calculated in the above equation,
we can estimate the free parameters of the model. We present
the obtained results in Table 1.
The Planck full mission temperature data and a first release
of polarization data on large angular scales gives for the spectral
index of curvature perturbations the value ns = 0.968 ± 0.006,
while the upper bound on the tensor-to-scalar ratio is r0.002 <
0.11 (95% CL) [13]. This upper limit is consistent with the
24
θ
(0)
rad
h˜0 mφ [GeV] r ns
0.01 10 1.1 × 10−46 0.166 0.9880
0.05 15 2.16 × 10−47 0.161 0.9884
0.09 20 6.74 × 10−48 0.158 0.9886
0.10 25 2.75 × 10−48 0.157 0.9887
0.50 30 1.32 × 10−48 0.156 0.9887
Table 1: The comparison of the perturbation parameters ns and r, obtain
in the warm inflationary scenario with Barrow-Saich type potential, with the
PlanckTT+LowP+Lensing (Planck2015) results [13]. To perform this analy-
sis we have fixed the value of the reparameterized time as τ = 0.02, and we
fixed τ0 = 5.1. To avoid imaginary or negative values for cosmological param-
eters we have adopted for Γ1 the value Γ1 ≃ 10−2 GeV. To estimate the free
parameters of the model we have used N = 65 for the number of efolds.
B-mode polarization constraint r < 0.12 (95% CL), obtained
from a joint analysis of the BICEP2/Keck Array and Planck
data [13]. As one can see from the Table 1, the comparison of
the theoretical predictions with the observational data show an
acceptable concordance between the theoretical model, and the
observational results, with r and ns taking on the edge values for
the considered model parameters. Hence, despite their simplic-
ity, irreversible warm inflationary models with Barrow-Saich
potential can give at least a qualitative description of warm in-
flation, once the thermodynamic of irreversible processes has
been properly included in the general formalism.
5.2. Higgs potentials and slow-roll conditions
As a next step in our investigation of the cosmological con-
straints on the warm inflationary models with irreversible pho-
ton fluid production we will investigate the case of the Higgs
potential driven inflation. In both the warm and cold inflation-
ary scenarios one can usually explain the accelerated expansion
phase of the Universe taking place at very high energy scales, in
which the scalar field is the dominant component. Nevertheless,
the very important difference between these two approaches is
that besides a scalar field, in the warm inflationary scenario an-
other component of the cosmological fluid is present, usually
taken as radiation, with the two components interacting. But a
correct thermodynamic description of particle production needs
to take into account the irreversible nature of the process, as
well as the fact that during inflation the Universe represents
an open system. In the case of a scalar field with a Higgs
type potential U(φ) = ±
(
µ2
)
/2 + ξφ4/4, the evolution equa-
tion of the scalar field and of the cosmological fluid are given
by Eqs. (163)-(167), with the generalized Friedmann equations
taking the form
3H2 =
1
M2
P
[
1
2
φ˙2 + U(φ) + ρrad
]
, (191)
2H˙ = − 1
M2
P
[
φ˙2 +
4
3
ρrad +
ρφΓ1
3mφH
(
φ˙2
nφ
− 4
3
ρrad
nrad
)]
. (192)
Due to the irreversible interaction between scalar field and ra-
diation, there is an energy flux from the scalar field to the pho-
ton gas, and this process is described through the conservation
equations, namely Eqs. (164) and (166).
Additionally, the Klein-Gordon equation, Eq. (63) or (165),
known as the equation of motion of the scalar field, can be
rewritten as
φ¨ + 3H
[
1 + Q(φ)
]
φ˙ + U ′(φ) = 0 , (193)
where the parameter
Q(φ) =
Γ(φ)
3H(φ)
=
Γ1ρφ
3mφnφH
=
p
(φ)
c
φ˙2
=
Γ1
(
φ˙2/2 ± µ2φ2/2 + ξφ4/4
)
3mφnφH
, (194)
is the ratio of the radiation production to the expansion rate.
At this moment we would like to point out that in warm in-
flation the slow-roll approximations are still valid, that is, in
order to have a quasi-de Sitter expansion, the rate of the Hubble
parameter during a Hubble time must be small. This condi-
tion is imposed via the first slow-roll parameter, defined in Eq.
(178). In the following we will introduce a number of approx-
imations. First of all, we assume that the energy density of the
scalar field dominates over the photon fluid energy density. Sec-
ondly, we also suppose that the kinetic term of the scalar field
is negligible as compared to its potential term, that is, we have
ρφ ≫ ρrad and ρφ ≃ U(φ), respectively. Moreover, similarly
to the assumptions that we also have in super cold inflation, in
warm inflationary scenario we expect that the photon produc-
tion rate is quasi-stable during inflationary expansion, so that
ρ˙rad ≪ Hρrad and ρ˙rad ≪ Γφ˙2, respectively. These constraints
lead to the result that the friction term in Eq. (178) is much
larger than the term φ¨.
Then from Eqs. (191), (193), and (166) it follows that the
description of the cosmological expansion can be reduced to
the following approximate equations
3H2 ≃ 1
M2
P
U(φ) , (195)
φ˙ ≃ − U
′(φ)
3H
[
1 + Q(φ)
] , (196)
ρrad =
8π5
15
T 4 ≃ π
4Γ1
90ζ(3)mφ
T
H
ρφ =
π2
30ζ(3)
TnφQ , (197)
where T is the temperature of the photon gas.
By using the definitions introduced in (178) and (179), it fol-
lows that in terms of the field potential and of Q the slow-roll
parameters can be expressed as
ǫ1 =
M2
P
2(1 + Q)
U ′2(φ)
U2(φ)
, ǫ2 =
ǫ˙1
Hǫ1
. (198)
In calculations related to the power spectrum and spectral in-
dices it is common to introduce two other slow-roll parameters,
which are defined in terms of the potential and of Q as,
η =
M2
P
(1 + Q)
U ′′(φ)
U(φ)
, β =
M2
P
(1 + Q)
U ′(φ)Γ′(φ)
U(φ)Γ(φ)
. (199)
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The slow-roll parameter ǫ2 can be expressed in terms of the
above slow-roll parameters through the relation
ǫ2 = −2η + 4ǫ1 + Q
(1 + Q)
(β − ǫ1) . (200)
Due to the appearance of the term (1+Q) in the dominator of
the slow-roll parameters, it follows that their smallness can be
guaranteed for a large range of potentials that satisfy the slow-
roll approximations.
The smallness of the slow-roll parameters indicates that first
the Universe had a quasi-exponential accelerated expansionary
phase, in which it did stand for an enough high number of e-
folds so that the standard problems of the hot Big Bang model
can be solved. The number of e-folds, defined in Eq. (180), can
be rewritten as functions of the scalar field as,
N =
∫ φe
φ⋆
H
φ˙
dφ = −
∫ φe
φ⋆
(1 + Q)
M2
P
U(φ)
U ′(φ)
dφ , (201)
where the last equality is obtained by using Eqs. (195) and
(196), respectively.
All the results presented above depend on the functional form
of the dissipation coefficient Γ1, which generally can be as-
sumed to be a function of the thermodynamic parameters. Such
a dependence may strongly affect the cosmological dynamics,
as well as the particle creation/decay processes. For example,
by assuming a power-law dependence of Γ1 on the temperature,
so that Γ1 = Γ0T
α, where Γ0 and α are constants, for the case of
the Higgs potential the parameter Q becomes
Q(φ, T ) =
Γ0T
α
(
φ˙2/2 ± µ2φ2/2 + ξφ4/4
)
3mφnφH
, (202)
while the radiation energy density varies according to
ρrad (φ, T ) ≈ π
4Γ0
90ζ(3)mφ
Tα+1
H
ρφ . (203)
Hence for the case of a temperature varying dissipation coef-
ficient the energy density of the radiation may increase much
faster as compared to the constant Γ1 case. The slow-roll pa-
rameters, as well as the number of e-folds will become explicit
functions not only of the scalar field, but also of the photon tem-
perature. However, in the present study in order to perform a
full comparison of the theoretical model with the observations,
in the following we will adopt the simplifying assumption of
constant dissipative coefficients.
The primordial curvature spectrum generated during warm
inflation is an important observational indicator that can be used
to observationally discriminate between different models. The
primordial spectrum is dominated by the thermal fluctuations of
the radiation fluid, generated due to the dissipative effects in the
scalar field [52, 54, 56, 59]. However, since dissipation means
departures from the equilibrium state, other physical effects like
the presence of a shear viscous pressure in the photon fluid may
also play an important role [56]. The scalar power spectrum in
warm inflation is given by [98]
Pζ = H
2(1 + Q)2F
8π2ǫ1M
2
P
, (204)
where
F ≡ 1 + 2N∗ + T
H
(
2πQ√
1 + 4πQ/3
)
, (205)
andN∗ =
(
eH/T − 1
)−1
is the statistical distribution of the scalar
field at the horizon crossing. Since in warm inflation the condi-
tion T >> H must hold, we can approximate N∗ ≃ T/H ≫ 1.
Moreover, by assuming Q < 1, we can approximate F as
F ≃ 2(1 + πQ)T/H. From Eq. (197) we obtain for the tem-
perature of the photon gas the expression
T =
(
16π3ζ(3)
)−1/3
n
1/3
φ Q
1/3, (206)
which allows to obtain the power spectrum in the irreversible
thermodynamic description of warm inflation as
Pζ ≈ 1
8 (2ζ(3))1/3 π3MP
Q1/3 (1 + Q)2 (1 + πQ)
ǫ1
H
MP
n
1/3
φ .
(207)
In the opposite limit of the strong dissipation we can approx-
imate F as F ≈ √3πQ (T/H), giving for the primordial power
spectrum of the irreversible warm inflation the expression
Pζ ≈
√
3
16π5/2MP
Q8/3
ǫ1
H
MP
n
1/3
φ . (208)
The relations are different from those obtained in the standard
warm inflation model [52, 54, 56, 59, 98], with the differences
arising from the different behavior of the photon gas tempera-
ture, as obtained from Eq. (197). The primordial inflationary
power spectrum depends explicitly on the scalar field particle
number, and such a dependence does appear in both weak and
strong dissipation limits.
5.2.1. Weak regime
In the weak dissipative regime we suppose that the dissipa-
tive ratio is much smaller than unity, Q ≪ 1(Γ ≪ 3H), and
thus we have (1 + Q) ≃ 1. By taking into account the relation
between the dissipative ratio and the creation pressure for the
scalar field, as given by Eq. (83), which gives Q = p
(φ)
c /φ˙
2, the
condition for weak dissipation Q << 1, is equivalent to the con-
dition p
(φ)
c << φ˙
2, showing that in this limit the creation pres-
sure associated to the scalar field is much smaller than the ki-
netic energy of the field. From a thermodynamic point of view
weak dissipation implies the presence of low intensity particle
creation processes.
The weak dissipative approximation makes the evolution
equations much easier to analyze, since by virtue of Eqs. (195)
and (196) the time derivative of the scalar field is expressed as
φ˙ ≃ − U
′(φ)
3H(φ)
=
∓µφ − ξφ3
√
3
√
± µ2
2
φ2 +
ξ
4
φ4
. (209)
Also, by taking this approximation into account, with the use
of Eqs. (195) and (197), the temperature of the fluid is obtained
easily as a function of the scalar field as
T (φ) = T0w
(
±µ
2
2
φ2 +
ξ
4
φ4
)1/6
, (210)
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where T0w =
(√
3Γ1MP/48πζ(3)mφ
)1/3
.
In the investigations of warm inflation based on the thermo-
dynamics of closed and adiabatic systems, to reduce the degrees
of freedom of the model, usually one introduces an ansatz for
the dissipation coefficient function, Γ(φ), as a mixture of power-
law and inverse-power-law functions of the scalar field. But in
the present approach of the thermodynamics of open systems
we can reduce the degrees of freedom, and we can find the so-
lution of the full set of evolution equations without the need of
any strong supplementary assumptions (for the exact results on
the Higgs potential see Subsection 4.3.2).
The case µ2 > 0.. In the following we will restrict our analysis
to the case µ2 > 0 only, that is, for the Higgs potential we adopt
the expression U(φ) =
µ2
2
φ2 +
ξ
4
φ4. Then, from Eq. (164), by
assuming Q >> 1, that is, that the portion of dissipative term
should be small in weak regimes, the variation of the particle
numbers of the scalar field nφ is obtained in the form,
nφ = n0φ exp
 38M2
P
[
φ2 − µ
2
ξ
ln(µ2 + ξφ2)
]  , (211)
where n0φ is an arbitrary constant of integration.
The slow-roll parameters, introduced in Eqs. (198) and
(199), are obtained as
ǫ1(φ) =
M2
P
2
U ′2(φ)
U2(φ)
=
M2
P
2
(
µ2φ + ξφ3
)2
(
µ2
2
φ2 +
ξ
4
φ4
)2 , (212)
η(φ) = M2P
U ′′(φ)
U(φ)
= M2P
(µ2 + 3ξφ2)
(
µ2
2
φ2 +
ξ
4
φ4)
, (213)
β(φ) = 2ǫ1(φ) −
√
2ǫ1(φ)MP
n′φ
nφ
. (214)
Inflation ends at ǫ1(φ) = 1 for φe = φe(µ, ξ), where φe is a
solution of the algebraic equation
√
2ξφ3 − 4ξMPφ2 + 2
√
2µ2φ − 4MPµ2 = 0 . (215)
The scalar field at the horizon crossing is found from the
number of e-folds. Hence from Eq. (201) one arrives at the
expression,
N = − 1
M2
P
∫ φe
φ⋆
(
µ2
2
φ2 +
ξ
4
φ4)
(µ2φ + ξφ3)
dφ , (216)
which subsequently gives
φ2⋆ ≃ 4NM2P + φ2e . (217)
To obtain the above relation we have supposed that ξφ2 is much
less than µ2. The comparison with observations will justify this
assumption.
As mentioned in the previous Sections, in the weak dissipa-
tive regime, the parameter Q ≃ 1 at the time of horizon exit.
The amplitude of the scalar perturbations in these regime is de-
fined as
Ps = 25
4
(
H
φ˙
)2
δφ2 =
25T0w
4
√
3M5
P
U8/3(φ)
U ′2(φ)
, (218)
where δφ2 = H × T , and it is given by
Ps =
25T0w
(
µ2φ2
2
+
ξφ4
4
)8/3
4
√
3M5
P
(
µ2φ + ξφ3
)2 . (219)
From Eqs. (185) and (218) it also follows that the scalar spec-
tral index in the weak regime is obtained as
ns − 1 =
(
−16
3
ǫ1 + 2η
)
, (220)
where η can be defined through the slow-roll parameter ǫ2 as
ǫ2 = −η + ǫ1. Explicitly, for scalar spectral index we obtain
ns = 1 −
8M2
P
3
(
10µ4 + 11µ2ξφ2 + 7ξ2φ4
)
(
2µ2φ + ξφ3
)2 . (221)
Following the tensor spectral index definition
nt =
d ln(Pt)
d ln(k)
=
φ˙
H
d
dφ
ln(Pt) ,
the tensor spectral index nt is found as
nt = −2ǫ1 = −M2P
(
µ2φ + ξφ3
)2
(
µ2φ2
2
+
ξφ4
4
)2 . (222)
The tensor-to-scalar ratio in this case is also obtained as
r =
8
√
3MP
75T0wπ2
U ′2(φ)
U5/3(φ)
. (223)
To compare the results of the model with observational data,
the above perturbation parameters will be computed at the hori-
zon crossing.
From Eq. (218), the model constant parameter Γ1 is found in
terms of µ, ξ andN as
Γ1(µ, ξ,N) =
9216πζ(3)mφM
14
P
15625
U(φ⋆)
−8U ′(φ⋆)6
(
P⋆s
)3
,
(224)
where as before the parameterP⋆s = 2.17×10−9 is the amplitude
of the scalar perturbations at horizon exit.
Using the r − ns diagram of Planck-2018, one could plot a
µ − ξ diagram as shown in Fig. 19, where the dark blue color
indicates an area of (µ, ξ) where the results for ns and r stand
in 68% CL. The light blue color indicates an area of (µ, ξ) in
which the point (r, ns) of the model stands in 95% CL.
An important feature of the warm inflationary scenario is that
the thermal fluctuations overcome the quantum fluctuations,
since the fluid temperature is bigger than the Hubble param-
eter. To have a healthy warm inflation model, this condition
should be satisfied during the cosmological evolution. Fig. 20
describes the behavior of the ratio of the temperature to the
Hubble parameter during this era. From the Figure one can see
that the condition is satisfied during this phase of cosmological
expansion.
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Figure 19: Numerical values of the (µ, ξ) parameters of the warm inflationary
model with irreversible photon fluid creation in the weak dissipative regime
for which the point (r − ns) is located in the observational region. The dark
blue color shows the values of (µ, ξ) in the 68% CL range of the Planck-2018
data, while the light blue color shows the parameter values in the range 95%
CL. To estimate the free parameters of the model we have used N ≈ 100
for the number of efolds. Based on Eq.(224) the value of Γ1 is estimated as
Γ1 = 0.51 GeV. The value of the reduced Planck mass is MP = 2.4×1018 GeV,
and we have fixed the value of the mass of the scalae field as mφ = 10
2 GeV.
Figure 20: The ratio of the temperature to the Hubble parameter during in the
warm inflation model with irreversible matter creation in the weak dissipative
regime versus the number of e-folds for different values of (µ, ξ). As one can see
from the plots, based on log-log command, during inflation the temperature is
larger than the Hubble parameter, and the condition T > H is satisfied properly.
5.2.2. Strong regime
In the strong regime of the warm inflation, the dissipative
ratio is usually much larger than unity, so that (1 + Q) ≃ Q.
This condition implies Q = p
(φ)
c /φ˙
2 >> 1, indicating that the
creation pressure is much larger than the kinetic energy of the
field. The cosmological evolution is dominated by particle cre-
ation processes, and the energy transfer from the field to the
radiation fluid is maximal.
In this case, the analyzes of the model becomesmore compli-
cated, and the cosmological dynamics is significantly different
from the weak dissipative regime. In this approximation, with
the use of Eqs. (195) and (196), the time derivative of the scalar
field is expressed as
φ˙ ≃ −U
′(φ)
Γ
= −U
′(φ)mφnφ
Γ1U(φ)
. (225)
Using Eq. (195), the form of the temperature of the photon
fluid is obtained as same as in the weak regime. One should no-
tice that as compared to the weak regime, in the strong regime
there are some differences originating from the form of the
scalar field at the horizon exit.
In the strong regime, to obtain the main perturbation param-
eters we must first find the function nφ. This can be done by
using Eqs. (164) and (225), with the function nφ obtained as,
nφ ≃ Γ1µ√
8mφ
φ2 , (226)
where we have considered the Dirichlet boundary condition,
nφ(0) = 0, to obtain the integration constant, and we have ap-
proximated the potential as U(φ) ≈ µ2φ2/2. The dissipative
ratio Q is given by
Q(φ) =
Γ
3H
=
2
√
2
3
MP
µ
√
µ2φ2
2
+
ξφ4
4
φ2
. (227)
In the strong dissipation regime, the slow-roll parameters in-
troduced in Eqs. (198) and (199), are obtained, after substitut-
ing Eq. (227), as
ǫ1(φ) =
M2
P
2Q
U ′2(φ)
U2(φ)
=
4
√
6MPµφ
4
(
µ2 + ξφ2
)2
(
2µ2φ2 + ξφ4
)5/2 , (228)
η(φ) =
M2
P
Q
U ′′(φ)
U(φ)
=
2
√
6MPµφ
2
(
µ2 + 3ξφ2
)
(
2µ2φ2 + ξφ4
)3/2 , (229)
and
β(φ) =
M2
P
Q(φ)
U ′(φ)Γ′(φ)
U(φ)Γ(φ)
=
4
√
6MP
(
µ3ξ + µξ2φ3
)
(
2µ2 + ξφ2
)5/2 , (230)
respectively.
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Similarly to the weak regime case, inflation ends at ǫ1(φ) = 1
for φe = φe(µ, ξ), where φe is a solution of the algebraic equa-
tion
ξφ4 + µ2φ2 − 2
(√
2/3
1
µMP
)1/2 (
ξ
4
φ4 +
µ2
2
φ2
)
= 0 . (231)
From Eq. (201), with Q ≫ 1, the general expression for the
e-folds number is obtained as,
N = − 1
4µMP
√
6ξ
{
ξ2φ
√
2µ2 + ξφ2 +
2µ2 arctan

√
ξφ√
2µ2 + ξφ2
 +
4µ2 ln
[ √
ξ
(√
ξφ +
√
2µ2 + ξφ2
)] }∣∣∣∣∣∣
φe
φ⋆
. (232)
After some algebra, and by expanding tan−1 and the logarith-
mic functions, Eq. (232) can be expressed by
N =
−µ ln(
√
2ξµ)√
6ξMP
− φ√
3MP
+
ξφ3
12
√
3µ2MP
+ O(φ4)

∣∣∣∣∣∣
φe
φ⋆
.
(233)
By substituting the solutions of Eq. (231) for φ into Eq. (233)
we can obtain the suitable value of the scalar field at the horizon
exit.
From Eq. (183) the amplitude of the scalar perturbations in
the strong regime is obtained as
Ps = P(0)s Γ17/61
U(φ)41/12
n2
φ
U ′(φ)2
, (234)
where we have denoted
P(0)s =
25
8 × 311/12M13/6
P
(
16ζ(3)π7m7
φ
)1/3 . (235)
By taking the time derivative of Eq. (234) equation according
to Eq. (185) leads to the scalar spectral index as given by
ns − 1 =
(
−17
6
ǫ1 − 2β + 2η
)
. (236)
To obtain the above equation we have used the relation
M2
P
Q(φ)
U ′(φ)n′φ
U(φ)nφ
= 2ε1 − β .
The amplitude of tensor perturbations in strong dissipative
regimes is given by [147, 148]
Pt = 2H
2
M2
P
π2
=
2U(φ)
3M4
P
π2
. (237)
Then, the tensor-to-scalar ratio is obtained as follows
r =
2U ′(φ)2n2φ
3π2Γ
17/6
1
M4
P
P
(0)
s U(φ)
29/12
. (238)
Figure 21: 1σ (dark blue) and 2σ (light blue) contours for Planck 2018 results
(TT, TE, EE + LowE + Lensing + BK14 + BAO) [149], on r − ns plane. We
depict the predictions of our scenario, for the strong regime case with the e-
folding value N = 56 (smaller circle), and N = 65 (larger circle). In this case
we fixed Γ1 = 10
4 GeV and the mass of the scalar field at mφ = 2×10−10 GeV.
In this diagram the free parameters of the model are estimated for µ = 65 GeV
and ξ1/4 = −2.0.
Figure 22: The ratio of the temperature to the Hubble parameter in the warm
inflation model with irreversible radiation creation in the strong dissipative
regime versus the number of e-folds for different values of (µ (GeV) , ξ). As
one can see from the plots, during inflation the temperature is larger than the
Hubble parameter, and the condition T > H is satisfied properly. To plot this
diagram we have considered Γ1 = 10
4 GeV.
Now following the same procedure as the one introduced for
the weak regime case, but by using the r−ns diagram of Planck-
2018, we can estimate the µ−ξ amounts, as shown in Fig. 21. In
the Figure the solid line indicates the estimated amounts of the
free parameters (µ, ξ) are in good agreement with observations
arisen from Planck 2018 results (TT, TE, EE+LowE+lensing+
BK14 + BAO) [149].
To investigate the consistency of the model we have to study
the thermal-quantum perturbation ratio, T/H. Fig. 22 shows
the behavior of the ratio of the temperature to the Hubble pa-
rameter in the strong dissipative regime case. From the Figure
one can see that the condition is satisfied during this phase of
cosmological expansion.
6. Discussions and final remarks
In the present paper we have shown that the thermodynamics
of the open systems is a valuable tool for describing the interact-
ing scalar field - radiation fluid phases of the general relativistic
cosmological models. As applied to a two component (scalar
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field and radiation) warm inflationary cosmological model, the
thermodynamics of irreversible processes in open systems pro-
vides a generalization of the standard theory of scalar field-
radiation decay/creation, and of its inflationary implications.
During the scalar field energy dominated phase of the expan-
sion of the Universe, the energy contained in the scalar field can
generate particles via single particle decay, and such a process
is generally not forbidden thermodynamically. Thus, the model
presented in this paper gives a rigorous (but still phenomeno-
logical) thermodynamical foundation, and a natural generaliza-
tion, of the theory of warm inflationary models. As required
by the thermodynamics of open systems, particle creation (de-
cay) gives rise to a supplementary creation (decay) pressure,
which must be included as a distinct component in the energy-
momentum tensor of the cosmological scalar field - radiation
mixture.
We have considered only photon creation in a single scalar
field dominated Universes, leading to a warm inflationary
model in which the particle production rate is extremely high
at the beginning of the inflationary period, reaches a maximum
at the end of inflation, and afterwards, when the scalar field
energy and pressure become dominated by the scalar field po-
tential, it tends to zero. At the end of the inflation, and in the
post-inflationary phase, the kinetic energy of the scalar field be-
comes negligibly small. As for the matter content of the post-
inflationary, we made the simplifying assumption that the Uni-
verse did consist entirely of a relativistic, radiation type com-
ponent only. Of course for the realistic description of the cos-
mology of the early Universe the presence of more particles
is necessary to be taken into account. However, the inclusion
of other decay channels for the scalar field can be done in a
straightforward manner in the present formalism, with each of
such particle creation process generating its own creation/decay
pressure, which must be taken into account in the gravitational
equations describing the expansionary history of the early Uni-
verse.
In our approach we have adopted the fundamental assump-
tion that the early Universe can be described as an open ther-
modynamic system. However, up to now no clear and consis-
tent definition of the concept of open system in the cosmology
of the early Universe has been proposed, and different authors
use this thermodynamic concept in different ways, and with dif-
ferent meanings. For example, in the approach pioneered in
[101], and further developed in [104] and [105], an open sys-
tem is considered as a system in which particle and entropy
creation takes place. The early Universe is then defined as an
open system in this sense. The particle creation corresponds
to an irreversible energy flow from a source to the newly cre-
ated matter constituents. An alternative interpretation considers
the inflationary Universe as an open system due to the coupling
of the cosmological modes to a bath of comoving momentum
modes of the canonically normalized scalar degree of freedom,
by considering a single cubic interaction term in the Einstein-
Hilbert Lagrangian [151]. Hence, in this approach, the short-
long mode coupling generates an effective cosmological fluid
- bath interaction. Another definition of the concept of open
system in cosmology was proposed in [152], where the classi-
cal geometry is treated as the system, and the quantum matter
field as the environment. This approach allows the derivation
of a fluctuation-dissipation theorem for semiclassical cosmol-
ogy, which embodies the backreaction effect of matter fields on
the dynamics of spacetime, leading to a backreaction equation
derivable from the influence action in the form of an Einstein-
Langevin equation that contains a dissipative term. For the ap-
plications of the theory of open quantum systems to de Sitter
geometry see [153], where the dynamics of a freely-falling two-
level detector in weak interaction with a reservoir of fluctuating
quantized conformal scalar fields in the de Sitter invariant vac-
uum is considered. The Hawking effect for black holes was
considered in the framework of open quantum systems in [154],
where a two-atom system was treated as an open quantum sys-
tem placed in a bath of fluctuating quantized massless scalar
fields in vacuum.
By using the fundamental principles of the thermodynamics
of open systems and of irreversible processes, and the Einstein
field equations, we have developed a consistent and systematic
approach that can describe the time evolution of the two matter
components (scalar field and radiation) in the warm inflation-
ary scenario. By adopting an appropriate set of initial condi-
tions for the cosmological quantities, the general equations de-
scribing warm inflation with irreversible matter creation can be
solved numerically. During warm inflation, the particle num-
ber density of the scalar field decreases rapidly to (near) zero,
while the number of photons increases from (approximately)
zero, to a maximum value, thus providing the initial conditions
for the standard Big Bang model of the Universe. The pho-
ton fluid reaches a maximum temperature at the end of infla-
tion, with the maximum temperature a function of the physical
quantities describing the warm inflationary model (scalar field
potential parameters, scalar field decay width, energy density
of the scalar field), and of the cosmological parameters, like,
for example, the numerical value of the Hubble function at the
time interval when the energy density of the radiation reached
its maximum value.
As a direct cosmological applications of our results we have
investigated the effects of particle creation in warm inflationary
scenarios for three different forms of the scalar field potential
- the scalar field with Barrow-Saich potential, and scalar fields
with constant and Higgs type potentials. All these potentials
generally lead to similar qualitative results for the warm infla-
tionary scenario. If for the Barrow-Saich potential a complete
analytic solution of the field equations is possible, for the scalar
field with constant and Higgs type potentials only numerical so-
lutions are possible. But what we have found from the numer-
ical investigations of the warm inflationary models is that the
choice of the functional form of the scalar field potential has an
essential effect on the warm inflationary cosmological dynam-
ics, and on the associated photon gas creation. This influence
can be seen very clearly in the case of the Higgs potential, with
µ2 > 0, and µ2 < 0, respectively. Major differences do appear
in the time intervals for which the maximum energy density of
the radiation fluid is reached, as well as in the decay rate of the
particle number and energy density of the scalar field. Signifi-
cant differences occur in the time evolution of the deceleration
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parameter, whose behavior also indicate the end of inflation.
Moreover, the cosmological dynamics also strongly depends on
the numerical values of the Higgs potential parameters µ2 and
ξ.
Hence, the scalar field potentials have a unique quantitative
signature on the properties of radiation after the warm infla-
tionary phase. By using the latest Planck satellite data we have
also performed a general comparison between the theoretical
predictions of the model, and the constraint on the inflation-
ary parameters provided by the study of the Cosmic Microwave
Background Radiation. By using the observational data we
have obtained some general estimates on the decay width Γ1
of the scalar field, as well as on the parameters µ2 and ξ in
the Higgs type scalar field potential. Generally, we can obtain
an acceptable concordance between theoretical predictions and
observations. However, these results on the numerical values
of the model parameters are still of a qualitative nature, since
a basic cosmological theory is needed to explain the physical
conditions in the early Universe. The warm inflationary models
with Higgs type potentials could accelerate the radiation fluid
production processes, and they may lead to radiation creation
even after the photon fluid energy density has attained its max-
imum value. The process is similar to the one induced by the
Higgs potentials model.
Photon creation has very important implications on the dy-
namics and evolution of the very early Universe. The details
of the scalar field-radiation fluid interaction mechanism depend
on the (poorly known) parameters of the particle physics mod-
els necessary to describe the newly created photons. One of the
important parameters in the model is the mass of the inflation-
ary scalar field particle, which is an essential physical param-
eter in the description of the scalar field-radiation interaction
process. Unfortunately, presently there is no definite answer
giving the value of the mass of the inflaton scalar field, as well
as of the physical parameters describing scalar field-radiation
fluid interaction in the very early Universe.
An interesting consequence of particle creation is its relation
to the so called arrow of time: a process that yields a direction to
time, and allows to distinguish the past from the future. One can
consider two distinct arrows of time. The first one is the ther-
modynamical arrow of time, which is given by the direction in
which the increase of the entropy takes place. The second arrow
of time is the cosmological arrow of time, given by the direc-
tion in which the Universe expands, and evolves in time. Parti-
cle creation leads to an asymmetry in the Universe’s evolution,
and permits us to introduce a thermodynamical arrow of time.
Interestingly enough, in our model the thermodynamic arrow
of time agrees with the cosmological one, both indicating the
same direction of thermodynamic evolution. This agreement is
naturally determined by the decay of the scalar field, and of its
direct consequence, irreversible photon fluid creation.
In our present study we have introduced some basic theoret-
ical tools that could allow a thermodynamically rigorous for-
mulation of the warm inflationary models. In our approach we
have completely neglected the quantum aspects of the radiation
production, as well as the intricate aspects of the scalar field
decay. These aspects of the thermodynamic theory of the scalar
field - radiation fluid interaction and their implications on warm
inflationary models will be the subject of a future work.
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